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ABSTRACT

This work is aimed at developing a surface engineering solution for applications
requiring resistance to both abrasive and adhesive wear. The central plank of this work
was to deposit and characterise duplex coatings by applying thin, hard films of titanium
carbo-nitrides on a pre-clad metal matrix composite (MMC) coating of tungsten carbide
in nickel matrix formed by a laser cladding process.

In the fIrst tranche of the project pulsed laser cladding of WClNi MMC with aNd: YAG
laser and optical fibres was investigated with the aim of producing a clad layer with
minimum porosity, crack and dilution but with a sound metallurgical bond to the tool steel
and stainless steel substrates. Thorough microstructural (XRD, optical and electron
microscopy), mechanical (hardness) and abrasive wear characterization of the clad layers
enabled optimisation of laser beam parameters, type and composition of powders and
substrate preparation.

It was established that WCINi MMC prepared from injected

crushed powder can substantially improve the abrasive wear resistance of the substrate,
almost by a factor of 10.

In the second tranche of the project a ftltered arc deposition system was utilised to deposit
hard coatings of titanium nitride, carbo-nitrides and carbide. Controlled variation of the
partial pressure of reactive gases (nitrogen and methane) by mass flow controllers
monitored by a mass spectrometer allowed deposition of adherent, macroparticle-free
fllms with any desired carbon to nitrogen ratio, on austenitic stainless steel substrates.

III

The mechanical properties (microhardness and adhesion) of the coatings were determined
using an Ultra-Micro Indentation System (UMIS-2000) and adhesion scratch tester,
respectively. The adhesive wear resistance of PVD coatings was evaluated by a pin-ondisc wear tester. It was established that higher concentration of carbon increases the
hardness, reduces the adhesion but increases the adhesive wear resistance.

In the third tranche of the project, duplex coatings combining a PVD film deposited on a
pre-clad WClNi layer were produced on stainless steel substrates. The duplex coatings
exhibited similar hardness and adhesive wear results to those of the PVD coatings, but
with a signifIcant increase in load bearing by a factor of 4-5, confirming the pivotal role of
clad layer to support the applied load.

Keywords: Laser Clad WClNi Layers, PVD Titanium Carbonitride (TiCN) Films, Duplex
Coatings, Wear Resistance and Load Bearing Capacity.
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CHAPTER!

INTRODUCTION

1. Introduction

In many engineering applications there are a wide range of components which require
special surface properties, such as high hardness, corrosion and wear resistance. The
most effective and economical approach to improve surface properties of materials is to
create surface layers or coatings that inherently possess high level of corrosion and
wear resistance. There are a number of techniques to create surface layers such as
physical vapour deposition (PVD), chemical vapour deposition (CVD), electroplating,
flame, and laser surface treatment.

In spite of the vast portfolio of surface technologies available today, there are
nevertheless industrial applications where none of these technologies on its own could
offer a viable solution. For example, in die-casting tools the mould parts which come
into contact with the melt suffer three types of damages: heat cracking, sticking and
wear; and result in premature tool failure. Conventional surface treatment methods
(nitriding, chromium plating, PVD and CVD) have improved some of the die surface
properties. For instance, the wear and sticking resistance of the die can be increased by
plasma nitriding at the low flow rate process, PVD and CVD techniques (e.g. TiN and
TiC) are less prone to sticking and less sensitive to corrosive attack by the molten metal
[1,2]. However, one disadvantage of these techniques is that the coatings are very thin
(1-20 Jlm) and very brittle. These coatings, even very hard ones, are worn out rapidly in

the areas where high molten metal flow rate and high stress occurs and consequently
cease to offer any protection. In this environment, the substrate is unable to withstand
the high mechanical loads present and fails by plastic deformation, which destroys the

1

hard coating due to the breakage of cohesive bonds. A solution to increasing the wear
resistance of surfaces, especially those in the high stress processing environment, is
duplex treatment.

A duplex treatment is a two-step treatment process which may for example involve
thermal surface treatment of a substrate in order to increase its load bearing capacity,
followed by PVD of a hard wear resistant coating. The first step of the treatment results
in the formation of a surface-modified layer in the subsurface zone of the substrate. In
the second step, the most suitable PVD coating is deposited on top of this layer. The
first attempts of applying the duplex surface treatment were carried out in the 1980s [35]. However, intensive work concerning the development of this method for tool life
improvement was undertaken only at the beginning of the 1990s [6-12]. Among the
duplex treatments, plasma nitriding of the alloy steel substrate followed by the PVD
coating method is the most widely used in industry [13]. Plasma nitriding of the
substrate results in case hardening of the substrate, which increases its load bearing
capacity. In principle, this provides better support for the PVD coating and better
abrasive wear resistance. The main disadvantage of this duplex treatment is the
incompatibility between the coating and substrate which leads to low coating adhesion.
This is because the sputter cleaning process necessary for improving the adhesion of the
PVD coating affects compound layers formed by nitriding, and decomposes the iron
nitride into a soft structure resulting in the loss of support for the PVD coating.
Therefore, adherence problems influence the selection of the first-step treatment. In this
regard, laser surface treatment offers new possibilities for modifying the surface of a
substrate and producing surfaces with high hardness and ductility suitable for PVD
coatings.
2

Laser cladding is a laser surfacing technique, involving the deposition of materials with
supreme properties such as wear and corrosion resistance onto substrates. The layer
produced is typically 1 mm thick, of low dilution «5%) with the substrate, fully dense
and fused to the substrate. The advantages of laser cladding compared to the
conventional techniques include low and controllable heat input into the work-piece, a
high cooling rate, great processing flexibility, low distortion due to low thermal load on
the work-piece and minimal post treatment. The possibility of selective cladding of
small areas is also a great advantage. These advantages not only result in better quality
products but also offer significant economic benefits [14,15].

The two dominant lasers used in laser surfacing applications are the carbon dioxide
(C02) laser and neodymium yttrium aluminum garnet (Nd: YAG) laser. The CO2 laser is
a gas laser with the output wavelength of 10.6 /lm, in the infrared region of the
spectrum, and with output powers up to several tens of kilowatts. The Nd: YAG laser is
a solid-state laser with the wavelength of 1.06 /lm. One of the advantages of the
Nd: Y AG laser compared to the CO2 laser for materials processing is that its shorter
wavelength is compatible with the transmission characteristic of optical fibres thereby
allowing processing greater flexibility in as the part can be processed remote from the
laser. This increased processing flexibility is driving the research on developing high
power Nd: YAG lasers with currently available commercial devices exceeding 5 kW.

The materials used for laser cladding are metal matrix composite (MMC). From
engineering considerations, metal matrix composite (MMC) has been selected due to its

of reinforced particles are used under conditions where wear resistance and dimensional
stability are required such as dry sliding systems. Two different kinds of materials are
most popularly used as the reinforcement particles in industrial application. These
include: oxides (mainly A1 20 3) or carbides (TiC, SiC, B4C and WC), because of their
high melting point (much more elevated than that of the matrix), relatively low cost,
good chemical stability and their attractive mechanical properties [16]. Nickel base
materials are often chosen as the matrix of the MMC for manufacturing applications,
because the nickel alloys combine good corrosion resistance and ductility; their melting
temperature is lower compared to the reinforcement particles. In the present study, laser
clad WClNi coatings were deposited on H13 tool steel and stainless steel substrates
using a pulsed Nd: YAG laser and optical fibres.

In the class of hard coatings, which range from diamond-like carbon films to transition
metal carbide and nitride coatings, titanium nitride (TiN) films are the most studied and
used for a diverse range of engineering application. TiN coatings are highly wearresistant coatings with good adherence to various substrates. These coatings can be
grown by both chemical vapour deposition (CVD) and physical vapour deposition
(PVD) technology. The various PVD methods, such as sputtering, ion plating and
reactive evaporation, make the growth of TiN coatings possible at low temperatures

«

550°C) compared with CVD. The most successful examples of industrial applications
for TiN coatings are high speed steel cutting tools and drills with increased tool life by
a factor of 2 to 4 [17] due to minimal wear at the chip-tool interface [18]. While the
benefits of a TiN coating deposited on a range of materials is well documented [19,20],
its basic shortcoming is its low resistance to abrasive wear, primarily due to its
thickness.
4

It is believed [21] that the next generation of PVD coatings, based on multi-component

(complex coatings) deposition will result in enhanced wear properties. One such
coating is titanium carbo-nitride (TiCN) which exhibits superior wear properties
compared with those of TiN. Ternary TiCN films combine the good wear properties of
TiC films with the high hardness and low friction, together with good adhesion to the
substrate and the high toughness of TiN films. TiCN can be reactively deposited with
many PVD methods, but the arc evaporation technique [22,23] is preferred because of
its particular characteristics. The arc source properties which make it particularly
suitable for deposition of TiCN coatings are high ion energy and high ionisation
efficiency in the emitted vapour. The principle disadvantage of the arc technique is the
presence of macropartic1es emitted from the cathode material which can degrade the
coating quality. Several methods have been used to remove macropartic1es. A more
successful attempt has been the filtered arc deposition method [24], which employs a
magnetic flux tube to guide the plasma from the cathode around a curved duct into the
deposition chamber. The heavier, uncharged macropartic1es, are filtered by the plasma
duct and are prevented from reaching the substrate surface and damaging the coating
[25].

Objectives of this thesis

The principal aim of this work is to develop coatings with improved adhesive and
abrasive wear resistance. This has been accomplished through three stages:

5

* A systematic optimisation of process parameters for the deposition of WClNi
coatings using pulsed Nd-YAG laser cladding technique;

*A

systematic optimisation of process parameters for the deposition of TiN,

TiCN and TiC coatings using the ftltered arc deposition technique;

* A systematic optimisation of process parameters for the deposition of duplex
TiCN and WClNi coatings using the combination of PVD and laser cladding
technique;
The optimisation process was carried out based on a thorough investigation of the
microstructural, mechanical and tribological behaviour of the coatings.

6

CHAPTER 2

LASER SURFACE TREATMENT

2.1. Introduction

Laser radiation is ideal for localised material processing as it represents a very intense,
finely focused and flexible source of heat. Laser heating produces local changes at the
surface of a material, whilst leaving the properties of the bulk of a given component
unaffected and therefore resulting in minimum distortion of the component. Relatively
fast processing rates and operation at atmospheric pressure are possible. The advantages
of laser technology for surface treatment have been recognised and a range of processes
has been developed exploiting the characteristics of laser energy. The uses of lasers in
surface treatment and their applications are summarised in Table 2.1. For potential
industrial applications such as transformation hardening and cladding of surfaces, lasers
with high power (greater than 1 kW) are generally required and CO2 gas lasers have
been most widely used to date for these applications. In recent years high power solidstate Nd: YAG lasers with optical fibre beam delivery have increased interest for surface
engineering application as they offer the possibility of processing components remote
from the laser source. Reports [26] indicate the possibility of processing components up
to 200 m from the laser source using flexible optical fibres.

In this review, the principles of laser surfacing (in particular the laser cladding
technique) are described together with typical laser sources employed for cladding
process. The materials used for laser cladding are based on metal matrix composites
(MMC). The laser cladding of the engineering materials in order to improve the wear
resistance using different carbides in the matrix is compared and contrasted.

7

Table 2.1. The uses of lasers in surface treatment and their applications [26].

Process

Possible Laser
Source

Transformation
hardening

CO2 , Nd:YAG

Shock hardening

CO2, Nd:YAG,
Excimer

Laser glazing

CO2 , Nd:YAG

Surface
homogenisation

CO2, Nd:YAG

Cladding

CO2 , Nd:YAG

Surface alloying

CO2 , Nd:YAG

Surface impregnation

CO2 , Nd:YAG

Surface texturing

CO2 CVL,
Nd: YAG, Excimer

Micro-machining

CVL, TEA CO2

Photochemical
modification

Excimer, CVL

Process Description
Local hardening with case depths of < 1
f..Lm to 2 mm.
Hardening by including shock waves at
surface using pulses of laser energy
Production of ultrafine microstructures
or~lasses

Microstructural refinement by remelting
Local fusion and deposition of a second
material
Local alloying to change surface
properties
Fusion with addition of a solid fraction
e.g. tungsten carbides
Local change in surface texture; e.g.
roughness or smoothness
Very controlled surface texturing

Local changes for marking, better
adhesion binding.
Excimer, TEA
Controlled removal of surface layers
Stripping or ablation
e.g. paint, nuclear contamination
CO" Nd:YAG
Shallow melting to vaporise inclusions
Surface refining
Excimer
or impurities
CVL = Copper Vapour Laser, TEA CO2 =Transverse by Excited Atmosphere CO2 Laser

2.2. Industrial Lasers

Since the introduction of laser technology to manufacturing in the mid 1960's, two
lasers in particular have dominated the field of industrial laser applications. These are
the carbon dioxide (CO) and the neodymium yttrium aluminium garnet (Nd: YAG)
lasers. Their prominence in industrial environments stems from their relatively high
efficiency, high output power, relatively low cost and good reliability. More recently a
third laser, commonly referred to as the excimer laser, has appeared on the industrial

8

scene. Excimer lasers are gas lasers whose active medium is an unusual molecule such
as argon fluoride (ArF) or xenon chloride (XeCI). These lasers are predominantly used
in the electronics industry and are unlikely to challenge the dominance of CO2 and
Nd: YAG lasers in the metal fabrication area in the foreseeable future.

2.2.1. Carbon Dioxide (C02) Laser

The CO2 laser is a gas laser, whose active medium is a mixture of about five percent
carbon dioxide with the balance being helium and nitrogen [27]. The laser produces
output at a wavelength of 10.6 flm at power levels from tenths of a watt to twenty-five
kilowatts. The beam is delivered from the laser to the workpiece using a series of
mirrors and lenses in a beam duct. The primary use for CO2 lasers is on assembly lines
and workstations.

One of the requirements for efficient operation of CO2 lasers is that the gas temperature
is maintained at about 100 to 150 degrees C. The heat generated by the electrical
discharge used to excite the carbon dioxide molecule can be dissipated by using one of
three types of gas flow: slow axial flow, fast axial flow and transverse flow.

In both the slow and fast axial flow lasers, the gas flow is parallel to the optical axial of
the laser. In transverse flow lasers the gas flow is across the optical axis. The main
advantage of transverse flow lasers is their high output (greater than 10 kW). They are
particularly suited to welding and surfacing applications because of their poorer beam
quality when compared to that of the other two laser types.

9

The electrical discharge used to excite the gas mix and therefore produce laser action in
CO2 lasers can be achieved in a number of ways, with two approaches emerging as clear
industry favourities. They are either direct current (DC) or radio frequency (RF)
excitation.

2.2.2. Neodymium: YAG Laser

Typical construction of aNd: YAG laser is shown in Figure 2.1. It consists of a single
length elliptical cavity with the active medium, being neodymium in an Yttrium
Aluminium Garnet (YAG) crystal rod mounted at one of the foci depending on whether
the laser is operated on the pulsed or continuous mode. At the other focus is a krypton
or xenon lamp. Also mounted in the cavity can be an aperture for mode control, and
possibly a Q-switch for rapid shuttering of the cavity to generate short pulses of power.

In Nd: YAG lasers, the neodymium is an impurity that takes the place of some yttrium
atoms in the YAG crystal [27]. YAG' s chemical formula is YA150

12

; its crystalline

structure is similar to that of garnet. The crystal has good thermal, optical and
mechanical properties, but it is relatively hard to grow. The crystal is grown in blocks
called "boules" from which rods are drilled out.

The thermal and optical properties of Nd: YAG allow it to be excited either
continuously with an arc lamp or by a series of flashlamp pulses. Maximum average
power from a single Nd:YAG laser crystal can reach about 500 watts and the peak
power can reach several tens of kilowatts in a millisecond-long pulse generated by a
flashlamp [28]. For a pulsed system fJashlamps are expected to last about 20-30 million
pUlses.
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The pulsed Nd:YAG laser has gained acceptance in the area of marking, drilling,
precision cutting and welding, in particular the welding of thermally sensitive
components. In recent years the research on these devices has concentrated on the
development of compact and reliable lasers generating high-power continuous laser
output. Commercial

high~power

Nd: YAG lasers now produce in excess of 2 kw of

continuous power and these devices are gaining acceptance, in some situations, as
competitors to the CO2 laser. More importantly they are opening the way for new
applications not previously attainable by lasers. The dominant applications that are
currently being investigated with these lasers centre on remote laser processing as (he
laser beam can be transmitted through optical fibres, thus allowing more flexible
workstations and the use of conventional robots.

Nd:YAG crystal

Laser
beam

Output
mirror

Excitation lamp

Figure 2.1. General construction of a single-rod Nd: YAG laser configuration [29].
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2.3. Laser Cladding

The main aim of the cladding process is to overlay one material over another to form an
interfacial bond or weld between the two without diluting the cladding material with
substrate material. In this situation dilution is considered as a contamination for the
cladding layer, as it can degrade the mechanical or corrosion resistant properties. Laser
cladding is a highly effective surfacing technique. The advantages of this technique
over other cladding processes include controlled shape, controlled dilution levels, good
fusion bonds, lower residual stress, small heat affected zones (HAZ) and fine
microstructures, due to the high cooling rates. The porosity in the clad layer is minimal.

In general, the main parameters that effect the production of MMC coatings in laser
cladding include: laser energy, powder thickness (for pre-placed powder) or mass flow
rate (for injected powder), focal position and processing speed.

The laser energy is the dominant parameter in the cladding process. If the energy is too
low, lack of penetration will occur. On the other hand, too high powers may occur with
a "peaky" beam profile, leading to powder vaporisation and loss rather than melting
which, at the same time, causes the substrate to melt resulting in high coating dilution
[30]. Dilution content is used to express the contamination of the coating by the
substrate. It has a significant effect on the chemical composition and properties of the
coatings [31]. A high value is also associated with a large HAZ and results in reduced
coating hardness. A too low value of dilution indicates no/poor adhesion between the
coating and the substrate.
12

The powder thickness (for pre-placed cladding) or mass flow rate (for injected
cladding) has a significant effect on the coating thickness. The coating thickness
increases with powder layer depth or flow rate because more powder on the substrate
will form a thicker coating. However, the coating thickness has strong relation to the
laser parameters and the powder's insulating effect. The loose powder has different
energy transfer characteristics to a solid material because the air between the individual
powder particles has a poor ability to transfer heat and therefore acts as an insulator.
This insulating effect of powders can be observed when the same energy is deposited
into both a mass of powder laying on a substrate, and to a bare substrate. Much less
energy is required to locally heat the powder to its melting point compared to the bare
substrate, as the latter is cooled effectively by conduction [30]. The more details of how
pre-placed powder is laid down on the surface of the substrate is given in Section 4.1.1.

For maximum penetration, the focal position of the laser beam should be below the
surface of the material [28]. This distance into the material is determined by the laser
power density required to achieve melting and fusion of the powder. The necessary
process for the positioning of the workpiece in relation to the focal point is the major
process parameter which affects the spot size and the distribution of the laser power on
the surface.

There are several ways of laser cladding to produce a clad layer. Firstly, there is the
choice of the laser type, for instance the CO2 laser or Nd: YAG laser. It is also possible
to choose whether the laser is pulsed or continuous wave. For the pulsed laser, the laser
parameters such as pulse frequency, pulse length and pulse energy must be carefully

selected to control the heat input and the cooling rate of the coating in order to avoid
undesired properties in the clad layer, such as porosity and cracking.

The two most common methods of supplying the powder in the laser cladding process
are [28]:

(1) Pre-placed of cladding powder on the substrate, and

(2) Injection of powder into a laser generated melt pool.

2.3.1. Laser Cladding with Pre-placed Powder

Laser cladding with pre-placed powder is the simplest method to form a clad layer. The
pre-placed powder method involves scanning a defocused laser beam over a bed of
powder pre-placed on a substrate. The laser beam melts the powder to the substrate.
Minimal dilution has been observed for a range of processing parameters. Theoretical
modelling of the movement of the molten front [28] has shown that the melt progresses
relatively swiftly through the thermally isolated powder bed until it reaches the
interface with the substrate. At this point the thermal load increases due to the good
thermal contact with the high thermal conductivity substrate, causing resolidification.
The results of the model are shown in Figure 2.2. It can be seen that the molten front
process is faster in the vertical direction than in the horizontal because the liquid flow is
gravity assisted. It also shows that there exists a large operating region for achieving
low dilution; but it is also found that only a small part of the region gives a fusion bond.
In this case, it is relatively difficult to get a fusion bond with low dilution of the laser
clad coating. While the pre-placed powder technique is relatively simple to apply in a
two step process, it has limited potential as an industrial process.
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Figure 2.2. Theoretical calculation of the position of the melt front during pre-placed
powder cladding with a continuous laser beam [28].

2.3.2. Laser Cladding with Powder Injection

Figure 2.3. shows a schematic diagram of laser cladding with powder injection. In this
process, the cladding powder is injected using a nozzle into the laser melt pool. The
main advantages for this process are a well-defined, heated region which forms a fusion
bond with low dilution «5%) and adaptability to automatic processing. Powder
injection cladding is essentially conducted over a small melt pool area which travels
over the surface of the substrate. The thermal penetration is minimal thus reducing the
problems associated with component distortion and heat affected zone (HAZ), although
not eliminating them completely.
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Figure 2.3. A schematic diagram of the powder injection laser cladding set-up [28].

2.3.3. Materials for Laser Cladding

Metal matrix composites combine the toughness of the metal matrix with the strength
and stiffness of a reinforcing ceramic second phase. Composites also can withstand
higher tensile and compressive stresses than their monolithic constituents by the transfer
and distribution of the applied load from the ductile matrix to the reinforcement phase.
This load transfer is possible due to the existence of a bond between the particulate
reinforcement and the matrix [32].

Two different kinds of material are most commonly used as the reinforcement particles
in industrial application. These include: oxides (mainly Alz0 3) or carbides (TiC, SiC,
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B4C and WC), due to their high melting point (much more elevated than that of the
matrix), low cost, good chemical stability and their attractive mechanical properties
[16]. These composites are widely employed in the aerospace and automotive industries
[33-36]. Titanium based MMCs offer strength retention at elevated temperatures (600800°C) and are used in aero-engine gas turbine components. Copper composites
reinforced with Al 20 3 or Zr02 particulate exhibit good thermal and electrical
conductivity and are used in electrical switches or spot welding electrodes. Nickel
composites exhibit high temperature oxidation resistance and are used in the
manufacture of aero-engine turbine blades [37].

2.3.4. Laser Cladding Applications

Laser cladding of WCINi powder alloys has been the subject of a number of papers
[32,38-43]. Pelletier et aI., [16] reported that the Ni-base or AI-base particulate MMC
are produced at the surface of different alloys, such as AI, Fe, Cu-base alloy. After
solidification, metallic elements constitute the matrix of MMC and the phases present in
the powder such as mixture of WC, W2C and WC 1_X are still found in the structure. The
mechanical properties like hardness and Young's modulus are high, confirming
therefore that laser cladding is a promising manufacturing route for the fabrication of
various MMCs, which could act as wear resistant layers [16]. Gassmann [40] reported
that selection of a proper matrix alloy requires two considerations: the impact of the
base metal on carbide dissolution and the potential for the formation of brittle phases
with components of the dissolved carbide. Nickel alloys do not dissolve tungsten
carbide as rapidly as cobalt alloys do, hence tungsten carbide/nickel composite can be
applied under a relatively broad range of processing parameters, particularly beam
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intensity. This becomes advantageous when cladding sites have reduced heat
conduction through the substrate as a result of complicated component shape or simply
because of low conductivity of the substrate material. Laser cladding of WC over
different substrates such as mild steel, stainless steel, tool steel, Co base materials and
Al alloys has been reported in literatures [44-47]. Laser cladding of tungsten carbide on
die-casting dies has also been reported by Konig et al., [48]. After the laser cladding of
WC on die castings using a CO2 laser, the treated areas had a high strength and wear
resistance and were thus capable to counteract the abrasive nature of the inflowing melt.
This alloying up enabled a tungsten content of approx. 14% and a carbon content of
approx. 1.1 % to be reached in the surface zone.

2.4. Microstructure and Tribological Properties of Laser Clad MM C
Coatings

2.4.1. Microstructure of MMC Coatings

Figure 2.4 shows a typical microstructure of MMC coating, in which the reinforcing
particles are tungsten carbide in the nickel matrix. In general, clad samples show three
clearly distinct regions: the clad layer; the heat affected zone (HAZ) and the substrate
(Figure 2.5). In the substrate base material the maximum temperature is usually below
the critical phase transformation range and the material's microstructure is not
modified. In the HAZ, only solid-state phase transformations occur. In the clad layer,
the microstructure displays a very different morphology depending on the MMC
materials used. Table 2.2 summarises the microstructure of different MMC coatings.
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xlOO
Figure 2.4. The microstructure of laser clad MMC coating; reinforcing particles:
tungsten carbide; matrix: nickel [49].

x60
Figure 2.5. The cross-sectional of the MMC coating shows three distinct regions [49].

Table 2.2. Microstructure of the MMC coatings.

WCINi

Type of Laser
Treatment
Cladding

WCINiCrSi

Remelting

homogeneously
Particles
Formed M.C carbides.
Homogeneous and dense

SiCINi alloy

Cladding

Eutectic or eutectic + dendritic structures

[50]

SiClTi alloy

Glazing

Dendritic structures

[51]

Co/steel

Cladding

Dendritic structures

[52], [47]

TiC/steel

Alloying
Cladding
Cladding

Fine and dendritic structures, without
cracks, -pores or undissolved -particles.
Dendritic and columnar structures

[50], [53],
[54]
[55]

Material

AI 20 3INi-Cr

Microstructure

Reference

distributed.

[16]
[40]

2.4.2. TribologicaJ Properties of MMC Coatings

Laser cladding of some high wear resistant alloys on mild or medium carbon steels has
been studied by many investigators [52,56,57]. The wear resistance evaluated is
represented by a wear loss of the samples in abrasive and sliding wear tests.
Gnanamuthu et al.,[58], stated that the tribological behaviour of laser clad MMC
coatings depended on the microstructural properties of the material and type of loading
contact situation. Under abrasive and sliding wear situations, composites containing a
high volume fraction of hard reinforcement particles exhibited high wear resistance.

2.4.2.1. Abrasive Wear Resistance

The classification of abrasive wear into either low-stress or high-stress operating
conditions employs two conventions. One approach is the assessment of the stress state
by determining whether the abrasive particles fracture under the applied load. The other
philosophy is the identification of the stress state from the fractured reinforcement
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proportion within the MMC. The latter convention is more appropriate to the study of
composite wear. A list of literature on the abrasive wear studies of ceramic and oxide
coatings is given in Table 2.3.

Table 2.3. Review of abrasive wear parameters.
Reinforcement
Material

Vol. %

Abrasive

Wear

Material

Tester

Load (N)

Sliding
Speed (rpm)

Reference

Low-stress abrasive wear
Al20 3

5-20

Si02 sand

RWAT

45,89,134

200

59

SiC

40

Si02

RWAT

44.5,89

200

TiC

50

Si02 sand

RWAT

134

200

RWAT
RWAT

182
86.24

0.11 mls
120

60
61
41

WC
VC

60
Si02• A1 20 3
17.29
Sisand
High-stress abrasive wear

62

Al 20 3

10-30

SiC paper

Pin-on-disc

0.9-18.1

0.08m1s

63

SiCp

20

SiC paper

Pin-on-disc
Pin-on-drum

14.2

0.01 mls

64

4-10
5.5 mls
Al Cloth
<35
RWAT tests were conducted in according with ASTM-G65 standard.

65

Zr02

Deuis et aI., [46] reported a review of the low-stress and high-stress abrasion wear of
the MMC coatings. In his report, he indicated that increasing the volume fraction of the
reinforcing phase (particulate morphology) improves the wear resistance of the MMC
coatings. However, studies [46] involving fibre-reinforced composites subjected to
wear by large abrasive particles indicate that the wear resistance decreases with
increasing fibre content. For these higher fibre fractions, the worn surface was
characterised by extensive de-bonding at the fibre-matrix interface and significant fibre
fracture. Therefore, in the determination of the wear mechanism, the role of
reinforcement morphology is important. Furthermore, the abrasive wear of fibrereinforced composite by small abrasive particles decreases as the fibre volume fraction
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increases. Therefore, the existence of a critical abrasive particle dimension appears to
determine the wear rate and wear mechanism of the MMC coatings.

The abrasive wear mechanism of WClNi MMC coatings has been reported by Wang et
aI., [41]. They indicated that during the process of abrasive wear, surface materials are
removed through three major mechanisms: (1) micro-cutting, (2) plastic deformation
due to the ploughing actions, and (3) fracture of hard-phase debris in the matrix
materials. The micro-cutting is usually considered to have the most important
contribution to the wear weight losses.

From this review, it can be seen that the excellent abrasive wear resistance of the

we

composite coating is attributed to the enhanced bulk hardness and its resistance to
micro-cutting. When relatively soft matrix materials are mixed with tungsten carbides,
the abrasive wear resistance of the resulting composite material is greatly enhanced for
the following reasons:

1. The cemented carbides increase the bulk hardness of the composite materials, which
prevents most abrasives from penetrating into the substrate.

2. Few abrasive particles which manage to penetrate into the coating, collide with the
hard phase particles. During the process, the abrasives are worn off or smashed, and
finally lose their cutting function.

From these considerations, an increase in the percentage of

we is expected to be

beneficial to the wear resistance of the coatings. The test results show a slight (5-10%)
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decrease in the weight loss on the coating when the weight of WC particles increased
from 40 wt.% to 60 wt.% [43].

2.4.2.2. Sliding Wear Resistance

Eiholzer et aI., [66] reported the beneficial effects of laser cladding on the sliding wear
properties of Fe alloy on steel. Comparing the wear behaviour of this clad steel with the
wear behaviour of Stellite-6 indicated that the laser clad alloy is superior to Stellite-6.
The improved wear properties were attributed to the increased hardness of the surface
materials. Belmondo and Castagna [67] deposited a mixture of chromium carbide,
chromium, nickel and molybdenum coatings onto mild steel, cast iron, stainless steel
and superalloy substrate. Their experiments on friction and wear showed that the laser
clad layers improved the wear resistance at high-contact pressures, and performed better
than plasma sprayed coatings when tested under the same conditions.

Ayers [68] reported the sliding contact wear of Ti-6AI-4V alloy, the surface of which
was impregnated with TiC by a laser melt and particle injection process. Friction
measurement for steel sliding on Ti-6AI-4V injected with different volume fraction of
TiC showed that the coefficient of friction of laser coated Ti-6AI-4V was only about
half the coefficient of friction of the uncoated alloy. Molian and Hualun [57] studied
the wear behaviour of laser cladding Ti-6AI-4V alloy with BN under reciprocating wear
testing. The results indicate that the laser clad MMC layers protected the alloy from
severe wear and generated smooth surfaces with fine wear debris. Therefore, the wear
mechanism changed from ploughing to adhesion causing the low wear weight loss. The
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wear rates of Ti-6AI-4V alloy were reduced by up to two orders of magnitude by
cladding with BN.

2.5. Summary

From this review, it is concluded that laser surface treatment (in particular, laser
cladding) technique has many advantages compared to conventional surface treatment
methods. Laser cladding of MMC coatings using CW CO2 lasers for the improvement
both of abrasive wear and sliding wear resistance has been well studied. The materials
used to form the laser clad layers were a range of oxides and carbides. Laser cladding
MMC coating using a pulsed Nd: YAG laser with optical fibres is a new technique in the
engineering applications. There are many advantages of this technique. These include
low and controllable heat input into the workpiece, a high cooling rate, great processing
flexibility, low distortion, low thermal load and minimal post treatment. It is also
specially good for cladding small areas or heat sensitive components due to the pulsed
laser introducing a lower heat input compared to CW laser so as to elimilate the damage
or distortion of the components. Optimisation of this new technique for producing the
MMC coating in order to improve wear and corrosion resistance is required before its
widespread acceptance in industrial applications in near future.
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CHAPTER 3

PHYSICAL VAPOUR DEPOSITION
AND
DUPLEX COATINGS

3.1. Introduction

Physical Vapour Deposition (PVD) is a generic term encompassing any thin-film or
coating growth process involving the deposition of physically generated atoms or
molecules onto a substrate in a vacuum environment. It can be used to deposit films and
coatings on sheet, foil, tubing, etc. The applications of PVD techniques range from
decorative to function applications in significant segments of the engineering, chemical,
nuclear, microelectronics and related industries. Their use has been increasing at a very
rapid rate since modern technology demands multiple, and often conflicting, sets of
properties from engineering materials, e.g., combinations of two or more of the
following: high temperature strength, wear resistance, ability to be fabricated into
complex shapes, biocompatibility, cost, etc. It is impossible for a single or monolithic
material to meet such demands in high technology applications. Therefore, the need for
surface treatment arises.

In general, there are two fundamental PVD processes, namely evaporation and
sputtering. These processes have many common features and requirements including:
(1) a high vacuum system with low impurity gas levels and with the ability to input

controlled flow rates or partial pressures of one or more working gases; (2) a coating
material source (s) with a well controlled and directly monitored vapour flux; (3)
carefully and reproducible prepared substrate surface; and (4) a substrate mounting
assembly which controls substrate temperature, as well as the distance and orientation
with respect to the coating source.
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Evaporation is a process involving the heating of a source material to a sufficiently high
temperature, usually in a high vacuum, so that atoms or molecules are liberated from the
source. The species move through the vacuum with little scatter and low average kinetic
energy, and are deposited onto the substrate.

The materials which are deposited by evaporation include metals, semiconductors,
alloys, intermetallic, refractory compounds (i.e., oxides, carbides, nitrides, borides, etc.)
and mixtures thereof. An important requirement is that the source material should be
pure and free of gases and/or inclusions to forestall the problem of molten droplet
ejection from the pool commonly called spitting.

Sputtering may be defined as the ejection of particles from a condensed matter target
due to the impingement of energetic projectile particles. The most striking characteristic
of the sputtering process is universality. Since the coating material is passed into the
vapour phase by a physical momentum-exchange process, rather than a chemical or
thermal process, virtually any material can be a coating candidate. DC discharge
methods are generally used for sputtering metals, while a RF potential can be used for
sputtering nonconducting material. The sputtering deposition is widely used because of
its simplicity and because it offers capabilities sometimes superior to evaporation for
applications such as alloy film deposition. It has an advantage over evaporation as
evaporation is a thermally activated process and sputtering is a mechanical process. At
the same time evaporation kinetics are controlled by material parameters such as the
melting point and have an exponential relationship with temperature, minor temperature
fluctuations can result in major evaporation flux changes. The mechanical, momentum
transfer nature of sputtering allows greater control of the resulting atom flux with much
less variation in flux between different materials identically sputtered.
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Another variance of evaporation is ion plating which can best be described as a plasmaassisted evaporation process. Ion plating is capable of depositing highly adherent metal,
alloy, and ceramic coating onto virtually any substrate, at relatively low temperatures.
In an ion plating process, the material is vaporised by an evaporation process and
passed through a gaseous glow discharge on its way to the substrate thus ionising some
of the vaporised atoms. This process incorporates that the substrate is bombarded by
high energy gas ions prior to and during coating growth. This results in a constant
bombardment of the substrate prior to coating deposition allowing removal of surface
contaminants (oxides, hydrocarbons, etc), and producing a structurally and chemically
graded coating/substrate interface, which has desirable better adhesion and lower
impurity content. Many aspects of ion plating are clearly similar to evaporation and
sputtering deposition.

The purpose of this review is to summarise the understanding of PVD processes and
duplex surface treatment, in particular the filtered arc deposition system. This will
include a review of the equipment, a description of its operation; basic mechanisms and
typical applications of the processes. In addition, a part of this review has been devoted
to introduce some of the various analytical methods currently available for
characterisation and evaluation of the coating microstructure and tribological properties.

3.2. Filtered Arc Deposition System

In the last 20 years, the vacuum arc has been used in the deposition of metallurgical
coatings. There are many examples where the high degree of ionisation of arc produced
vapour makes it possible to achieve combination of coating properties and structure
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with processing conditions which cannot be achieved using conventional PVD methods
such as the electron beam evaporation or magnetron sputtering. This is because of the
opportunity to control the ionised coating atoms using the combination of magnetic and
electric fields. The advantages of vacuum arcs in coating technology are the simplicity
of the technology and more importantly the high degree of ionisation in the emission.
The ionisation and intrinsic energy of the emitted ions leads to increased reaction of the
metal vapour with reactive gases for compound formation and increased hardness and
adhesion of the coating interface. The main disadvantage of the arc process is the
presence of large micron-sized droplets from the cathode surface in the vapour
emission. These microdroplets or macroparticles have restricted its use to metallurgical
and tribological applications. There has been much research into improving the arc
method, in particular at reducing macropartic1e content of the deposited coatings.
Filtered arc deposition system has been found to be the most successful device to
deposit the macroparticles-free coatings. In the following sections, the equipment
design, arc ignition, macropartic1es emission, macro particles filtering and the
application of coatings will be briefly described.

3.2.1. Equipment Description and Operation

Figure 3.1 shows a schematic diagram of the Filtered Arc Deposition System (FADS).
In this system, the cathode is mounted on a water-cooled copper housing. The cathodes
examined are carbon, aluminium, titanium, vanadium, copper and stainless steel. The
anode is electrically isolated from the plasma duct and also water cooled. The arc is
ignited using a pneumatically controlled tungsten trigger wire and activated by an
automatic system. The outer radius of the plasma duct is 400 mm and the inner radius is
300 mm. The diameter of the duct is 100 mm. The magnetic field in the centre of the
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duct is variable from 0 to 100 mT. The filtered beam is fed into a diffusion-pumped
high vacuum chamber through an isolated shutter that could be biased. The filtered

beam could be scanned across the substrate by means of magnetic coils mounted on the
deposition chamber. The magnetic field in the scanning coils is varied from 0 to 10 mT.

A load-lock system facilitates the introduction of substrates into the deposition
chamber. The substrate holder equipped with radiative heater is electrically isolated
from the chamber and can be biased to allow sputter cleaning of the substrate by ion

bombardment. The substrate temperature is monitored by a thermocouple. A gas in1et

valve allows the introduction of reactive gases into the deposition chamber immediately
in front of the substrate.
Cathode
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Chambc-
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Figure 3.1. Schematic diagram of filtered arc deposition system.
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3.2.1.1. Vacuum System

A schematic of the pumping system for the FADS is shown in Figure 3.2. This pumping
system is a rough-pump/high vacuum pump combination. A throttle valve is
incorporated in the pump stack to control the pumping speed and hence the required
throughput of gas(es).
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Figure 3.2. Schematic of pumping system for Filtered Arc Deposition System.

3.2.1.2. Arc Ignition

In general, there are at least four techniques employed to initiate vacuum arcs. Figure
3.3 shows the simplest and earliest method, which is the mechanical touching and
removal of an electrode from the cathode, drawing an arc. This method is very reliable
provided a molybdenum contactor is used. As the surface temperature of the target
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increases, the possibility of the contactor becoming welded to the target also increases;
this possibility is avoided by the use of molybdenum. A further drawback is the
inability of this approach to achieve high repetition rates which are required for
operation of arc sources in a pulsed mode.

ARC STARTER

BORON NITRIDE
ARC RESTRAIN

WA",~_M
TARGET

VACUUM
CHAMBER

Figure 3.3. A typical passive cathodic arc starter [69].

The second method employs a sudden vaporisation and subsequent ionisation of a thin
film metal coating connecting the cathode surface and an auxiliary electrode. This is
accomplished through the discharge of a capacitor. This method is simple and can be
reliable, if geometries are chosen correctly. Once the arc is ignited, it will continually
replenish the thin film required for its next initiation.

The third method involves the discharge of a capacitor which has been charged to
several thousand volts by passing an impulse of gas through a tube which is connected
to that capacitor. The gas pulse is ionised to form a plasma which carries the current
from the capacitor to the cathode until sufficient plasma density has been achieved to
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initiate the arc. This technique has the advantage of having no moving parts inside the
vacuum, as is the case without the necessity of touching the cathode.

The final method to start an arc is the use of laser pulse. Laser pulse can produce a
plasma on the cathode surface. The plasma serves to form the first cathode spot. Once
the laser pulse is introduced to the cathode surface and local melting occurs, cathode
surface may inhibit further initiation. One way to overcome this is to start the arc on an
auxiliary electrode made of a material such as carbon which remains unreflective. In
using the laser technique, care is needed to avoid coating the window through which the
laser beam is introduced.

3.4.1.3 Cathodic Arc Source

The typical construction of a cathodic arc deposition source is shown in Figure3.4. The
cathodic arc source consists of a source material (cathode), an anode arrangement, an
igniter, and a means of confining the arc spot to the surface of the cathode. There are
two types of cathodic arc systems - pulsed and continuous. In the pulsed system, the arc
is repeatedly ignited and extinguished using a capacitor bank to supply the arc power
[70]. The main advantage of the pulsed arc is letting the cathode material cool between
the pulses. The disadvantage is the decrease in steady state coating rates. The
continuous cathodic arc can be random in nature or controlled. By using a confinement
ring, a random arc source can be constrained at the surface of the target. Random arc
sources have the following advantages: (1) their simple design and operation allows
virtually any size source to be created, and (2) as the localised melting event is very
brief and for particle considerations no liquid exists on the source surface, the arc
sources can be freely placed in any orientation. The process allows uniform coverage of
:n

even very complex shaped surfaces through the use of properly placed and oriented
multiple arc sources. The primary disadvantage of this process is the formation of micro
and larger sized metallic droplets, called macroparticles, which deposit unreacted on the
substrate surface producing a rough and dull appearing coating. Figure 3.5 shows that
macroparticles are ejected at small angles with respect to the target surface. and can
therefore be removed using appropriate methods.

Vacuwn Chamber

Cathode

Solenoid
Arc Trigger

WAlER

EloCirkally Isolated
Casing
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Figure 3.4. Schematic of a typical cathodic arc source.

3.2.2. Macroparticle Emission

As illustrated in Figure 3.5, the greatest drawback of the localised cathodic arc involves

the emission of macroparticles, Macroparticle sizes range from sub micro to several
micrometers in diameter. The size and population of macroparticles is affected by the
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choice of cathode material adjustments to the operation of the system, and designs of
the sources that reduce or eliminate them. Materials with higher melting points emit
more ions and fewer macropartic1es. Once the cathode material is selected, the number
and size of macroparticles is affected by cathode to substrate geometry, arc current,
magnetic field, gas species, and pressure. The coating system geometry influences the
macroparticles on the substrate as macroparticles are emitted at an angle of roughly 1020 degrees from the cathode surface. Lower arc current and higher reactive gas pressure
reduce the size and concentration of macroparticles emitted.
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Figure 3.5. Schematic of the phenomena occurring at a discrete cathodic arc spot.

There are at least two theories in explaining the macroparticles emission. One is
McClure [71] who has proposed a model based upon plasma expansion in which ions
from the ion cloud above the cathode spot are accelerated towards the liquid surface of
the active cathode spot. The vapour jet recoil force presses inward on the molten pool
and material is pushed towards the edge of the crater leading to the observed spatial
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distribution. The second theory has been proposed by Boxman and Goldsmith [72]
based upon the concept of explosive emission. This theory described that the electron
emission is concentrated on small surface protrusions which are rapidly heated by
electron emission until they eventually explode at a peak pressure of 20 Gpa.

3.2.3. Macroparticle Control

In order to use the arc evaporation for coating applications, the macroparticles must be
controlled. This is critical because the macroparticles have restricted the application of
the arc process for the metallurgical coating of machine tools and wear parts. In recent
years there has been much research into improving the arc method, primarily aimed at
reducing the macroparticles content of the deposited films by a range of methods which
are shielding, magnetic steering and magnetic plasma duct filtering.

3.2.3.1.Shielding

Shielding is the simplest method of reducing the number of macroparticles in the
condensing film. This method takes advantage of the spatial distribution characteristics
of the macropartic1es emission and place the substrate in the deposition chamber in a
location that is not in direct line-of sight of the cathode surface. Brandolf [73] has
suggested to use a shield which is interposed between the substrate and arc source
(Figure 3.6). The substrate and shield are then biased to attract the plasma around the
shield and onto the substrate. The macroparticles are filtered on the front of the shield
and do not impinge on the substrate. The main disadvantage by using the shield method
is that the deposition rate is reduced although macroparticle-free coatings can be
produced.
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Figure 3.6. Macroparticles filtering by shielding [73].

3.2.3.2. Magnetic Steering

In magnetic steering, a magnetic field to guide or steer the arc across the target surface.
Erturk et al.,[74] have concluded that macroparticles can be reduced by considering the
following points:

(1)

The volume of molten material must be kept low, This implies small arc craters.
low arc current and short cathode spot lifetimes.

(2)

The arc path should be extended to reduce widespread melting of the cathode.
The cathode also must be cooled effectively.

(3)

A high melting point of the cathode material reduces the mean radius of the

craters and a low thenna! conductivity limits the extension of the molten areas.
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The plasma of the cathodic arc on the cathode surface may be controlled by the use of
internal magnetic fields i.e. fields that are applied directly behind the cathode itself.
Erturk used a pennanent magnet to exert a Hall force on the cathode spot with the arc
acting as the current carrying _conductor. The effect is to move the arc around the
surface of the cathode in a predetermined track (Figure 3.7). This technique was refined
by Ramalingham [75] and may be used to achieve a more uniform erosion of the
cathode surface or to steer the arc to specific areas on the multi-element segmented
cathode in order to produce alloys or modulated coatings. The macroparticle content
was reduced in the film deposition by the steered arc but the deposition rate was
reduced too.
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Figure 3.7. Magnetic steering by means of 'internal magnetic field',
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The other cathodic arc plasma control technique has been implemented using the
influence of "external" field. In general, these fields are applied by means of a solenoid
mounted directly in front of the cathode (Figure 3.8). In the case of titanium the
solenoid field has the effect of increasing the ionised fraction of the emission to 100%
and the average charge per ion of 2.08 [76]. The enhancement in ionisation results in an
increase in the photon emission from Tt to Tf+ species as the magnetic field is
increased from 0 to 10 mT [77]. The ion energy is also increased through Hall
acceleration to values as high as 300 electron volts [78,79]. This effect may account for
observed improvements in coating properties such as adhesion and wear resistance.
Besides the benefits of Hall acceleration, a substantial reduction in the number of
macroparticles can be achieved by passing the plasma emanating from a cathodic arc
through the proper magnetic field. Akari et aI., [80] reported that a 10 mT field reduced
the macroparticle content by a factor of 5.5. The external solenoid source can also be
used to produce a high intensity plasma source. This source may be used to sputter
material from a water-cooled target onto a substrate facing the target.

SUBSTRATE

CATHODE
SOLENOID

Figure 3.8. Modified arc evaporation source employing 'external' solenoidal magnetic field.

3.2.3.3. Magnetic Filtering

Macropartic1es can also be removed by the use of suitable filters as discussed by
Sanders and Martin [24,25]. This is the so called "filtered arc evaporation process".
This device uses magnetic fields of varying complexity to filter the macroparticles.

Magnetic plasma duct filtering was first developed by Aksenov et al. [81-83]. He
demonstrated that a toroidal magnetic field may be used to remove neutrals and
macropartic1es from an arc source. The plasma duct filter is a quarter torus with a
magnetic field parallel to the wall of the torus. The equation for the condition of
transporting a low density plasma along a toroidal is given by:

rlu > liDo

where u

Eqn.3.1

=Mcuo I ZeRH, is the velocity of the centrifugal ion drift

in the field, M, Z,

and Uo are the mass, charge, and longitudinal velocity, respectively, of the ions. R is the
radius of curvature of the magnetic lines of force, I the length of the toroidal field, r the
radius of the plasma duct, c the speed of the light, e the electronic charge and H
magnetic field strength.

Aksenov found that if the duct was biased positively to 15 to 20 V then the saturation
titanium ion current at the exit of the system increased from 0.4 Amp to 0.9 Amp due to
plasma optical focusing effects. In the case of crossed electric and magnetic fields the
necessary magnetic field value is obtained from the requirement:
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Eqn.3.2

where re and ri are the electron and ion Larmor radii respectively and a the radius of the
duct. The required magnetic field is reduced to the order of 0.02 to 0.08 T.

Sanders et aI., [84J have proposed, using a flux-tube model of Morozov [85J, to guide
the plasma flow in a toroidal. On the conditions approximating those of the original
Aksenov device, individual Tt ions with initial speeds selected from a 23 eV
Maxwellian distribution centred on 65 eV were injected into the system which
comprised an injection region and a torus region. The main result was that the
efficiency of the filter saturated with increasing duct potential and that a maximum total
efficiency of 59% was achieved for a duct potential of 70 V. Several researchers have
constructed filtered arc devices based on the magnetic plasma duct principle.

3.3. Microstructure of PVD Coatings

The film growth is the most important factor effecting the subsequent microstructure
and properties (including density, surface area, surface morphology and grain size) of
PVD coatings. The film grows by continuous nucleation of depositing atoms on the
previously deposited material, with important aspects of film growth including the
adatom surface mobility and the reaction and mass transport during deposition.

After the formation of a continuous surface film the coating microstructure is generated
which is generally governed by the substrate temperature (as this controls the key
growth mechanisms of adatom surface diffusion and bulk diffusion) and the surface

roughness. Substrate heating, changes in gas pressure and the use of a negative substrate
bias voltage can modify the structure during the film growth process. The film
morphology and microstructure can be described by the structure zone model. The first
detailed microstructural zone model was devised by Movchan and Demchishin [86] for
vacuum deposited coatings. It was later extended by Thornton [87] to include sputtering
by the addition of an extra axis to account for gas pressure (see Figure3.9). In each of
the models, multiple zones with distinct microstructures are defined by Tffm ratios (T
and Tm are the deposition temperature and the melting point of the coating materials
respectively) and gas pressures, with the microstructures ranging from isolated
columnar crystallites in low density films, to large equiaxed grains in a fully dense film.

Zone 1 - These microstructures are porous, consisting of taper crystallites with domed
tops, separated by voids. This occurs for low substrate temperatures (Tffm<0.15) where
the low temperature is not sufficient for adatom surface diffusion to compensate for
shadowing effects.

The crystallite columns are not single grains but may be

polycrystalline with the individual atoms being small and equiaxed.

Zone T - This zone is a transition between zones 1 and 2, occurring for temperatures in
the 0.15 to 0.45 Tff m range. Surface diffusion is relatively rapid at these temperatures
and hence the resulting film is more dense and smooth than zone 1, however it still
comprises of fibrous grains with high defect densities such as dislocations and point
defects.

Zone 2 - In zone 2 (Tffm-0.45 to 0.75), the growth process is essentially dominated by
adatom surface diffusion and thus the films are now fully dense and have a very coarse
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columnar microstructure. The grain size increases and the features of the film surface
tend to be faceted due to extensive coarsening from bulk diffusion.

Zone 3 - Above 0.75 TtT m a zone 3 microstructure exists where the film growth is
dominated by bulk diffusion allowing recrystallisation, grain growth and densification:
The final microstructure consists of large, equiaxed or columnar grains with a low
defect density which may be single crystals of the material.

1.0
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PRESSURE
(mTorr)

SU BSTRA TE
TEMPERATURE (TIT )

m

Figure 3.9. Thornton zone model showing microstructure of PVD coatings as a function
of relative substrate temperature and chamber pressure [87].
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3.4. Mechanical Properties of PVD Coatings

3.4.1. Coating Adhesion

The most important requirement for the success of a coating in any application is good
adhesion to the substrate. The nucleation and growth of the fIrst few layers of the
coating are important in determining the structure of the coating. The former are
influenced by the nature of the substrate material, the levels of oxide or organic
contaminants and the surface roughness. In order to achieve good adhesion, there must
be a sufficient number of sites to provide strong bonding between substrate and coating
atoms, and the interface must have low porosity and be free of brittle phases. The
adhesion of the coating to the substrate is thus influenced by the deposition parameters
used in the coating process, the type of substrate, and cleaning pre-treatments employed
before deposition such as vapour degreasing or sputter cleaning [88].

Good adhesion of the coating to the substrate is critically important for component
performance, with many failures occurring in a coating system credited to poor
adhesion. Some adhesion failures have been attributed to variables in the coating
processes, which include substrate defects and purity, processing conditions, interface
characteristics and internal stresses [89].

The use of thin titanium interlayers to promote the adhesion of titanium nitride coatings
on a range of substrates is well established. The levels of adhesion have been observed
to increase up to a maximum at a critical interlayeI thickness and two main factors are
thought to contribute to this behaviour [88]:
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1. Chemical dissolution effects: titanium reacts chemically at the surface to dissolve
weak oxide and carbide contaminant layers not completely removed by the sputter
cleaning process. The deposition of a titanium interlayer can getter these
contaminants, reducing their maximum concentration and increasing the volume
over which they are distributed.

2. Mechanical effects: the titanium interlayer acts as a relatively soft compliant layer
which reduces shear stresses across the coating/substrate interface and hinders crack
propagation in the interfacial region. The same effect exists for titanium interlayers
in multilayer TilTiN coatings.

3.4.2. Coating Hardness

Hardness is considered by many researchers to be an important property in relation to
adhesive and abrasive wear behaviour. Hardness values for some coating materials and
some coated systems have been reported and is shown in Table 3.1.

While hardness of a coated system, as a whole, has not been found in general to equal
the sum of the hardness of the individual layers, there must be a contribution from each
individual layer to the overall hardness. Differences in the overall hardness of a coating
compared to the cumulative sum of all the layers could be partially associated with the
variable resistance offered by the substrate immediately beneath the coating-substrate
interface [90].
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Table 3.1. Hardness values (VHN) for hard, bulk and thin film materials [91].

Materials

Bulk

Films

TiN

2000

1500-4000

ZrN

1500

700-3600

HfN

1600

1850-2400

VN

1500

600-2000

NbN

1400

1100-3000

TaC

2200

1280-2200

ShN4

1000-2000

2000-3000

TiC

3500

2770-4150

VC

2500

1900-2850

WC

2050

1800-2800

In regards to the design of a coating system, not much information is available
concerning the 'suitable' constituent materials to be chosen as the inner layer,
intermediate layer(s) and outer layer. It has been suggested by Ceschini et al., [92],
however, that a prime requisite of an inner layer would be to provide adhesion, with the
intermediate layer(s) principally contributing to hardness and strength, while the outer
layer should possess a low coefficient of thermal expansion, and reactivity (to reduce
diffusion wear) [90].

3.5.

Wear Resistance ofPVD Coatings

Many PVD techniques for the coating of tools for the improvement of wear resistance
are well established and proven in many industrial applications, especially the use of
TiN, TiC and TiCN for the machining of iron based alloys. Hedenqvist [93] and coworkers have shown that it is possible to use low temperature PVD techniques to
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deposit TiN coatings on high speed steel with retained mechanical and tribological
properties (including hardness, scratch resistance and abrasion resistance) unlike TiN
coatings produced at higher temperatures. An extensive review is given by Drees [94]
on the wear behaviour of PVD Ti-based coatings indicating that, in all cases, PVD
coatings provide enhanced wear resistance of cutting tools through changes in chip
formation and the overall increase in hardness of the PVD coating.

Although in the category of transition metal nitrides, carbides, borides and silicides, TiN
is the most studied with respect to improved wear resistance, other coatings do show
enhanced properties. Comprehensive work carried out by Fleming [95] has proven that
PVD TiN and CrN coatings deposited on high speed steel show improved resistance to
abrasive wear in comparison to the untreated steel substrate.

Although no specific steels have been developed for use as a substrate for PVD
deposition, when considering wear applications the substrate must provide load support
and be compatible with the deposited coating. Generally, high speed steel and other
alloyed steels are used as substrate materials in wear applications to provide load
support and resistance to subsurface shear deformation.

3.6. Coating Applications

The filter arc has been used to deposit a wide range of materials. These include
titanium,

aluminium,

vanadium,

copper,

niobium,

zirconium,

tantalum

and

molybdenum at deposition rates up to 40 ,..unlh [96]. Compound films have been
deposited by introducing reactive gases into the deposition chamber. In the case of the
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filtered arc this can be achieved without causing significant poisoning of the cathode
since the source is remote from the region where the gas introduction takes place. The
properties of TiN deposited by filtered arc are strongly dependent upon the deposition
conditions such as the substrate temperature and bias. An increase in substrate bias
(increasing ion energy) is accompanied by a decrease in lattice constant and a reduction
in stress [97]. TiN coatings deposited by filtered arc display enhanced corrosion
resistance compared to coatings prepared by unfiltered arcs. It was found by Vershina et
aI., [98] that 2 /lm thick Ti and TiN films exhibited maximum protection to the surface
of brass and steel specimens when placed in corrosive media. The thickness of 0.6-4.5
/lm TiN films prepared by unfiltered arcs did not withstand corrosion testing due to
porosity caused by the presence of macroparticles. There are other nitride films
deposited by the filtered arc including VN, ZrN, NbN and Fe3N4' Carbide films may be
deposited by introducing CH4 or C2H2 into the deposition chamber. The microhardness
of TiC films have been found to be higher than that of TiN films. The lattice parameter
was found to increase to a maximum of approximately 4.36 nm with increasing
substrate bias as reported for r.f. deposited TiC [99]. Highly transparent oxide films
suitable for optical applications have been deposited by introducing oxygen to the
deposition chamber [100].

The filtered arc has also been used to deposit cermet films and diamond-like carbon
(DLC). Cermets of AlIAI 20 3, Tiffi02 and Cr/Cr203 were prepared with aluminium
based films displayed a pronounced angular selectivity in optical transmittance. High
resolution microscopy indicated that the cermet structure was a modulated array of
tightly packed fine columns. The principal advantage of the filtered arc over other
methods of depositing diamond-like carbon is the high deposition rate, absence of
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hydrogen and the low substrate temperature. Filtered arc deposited DLC is highly
stressed with compressive stresses as high as 5-12 GPa [101]. The stress may be
reduced at the expense of microhardness by the addition of hydrogen during deposition
[102]. The hydrogenated films are also more adherent.

3.7. Duplex Surface Treatment for Tribological Applications

Duplex surface treatment was used for improving tool life under the heavy thermal and
mechanical loads and at conditions of tribological aspect namely wear. Although
conventional surface treatments such as thermal treatment, thermo-chemical treatment
and anti-wear monolayers (TiN, TiCN coatings) have achieved prolonged lifetime of
tools, they do not lead to the desired increase in the tool life due to the substrate being
unable to withstand the mechanical loads and the plastic deformation of the substrate
causing the breakage of thin coatings. This goal can be achieved only by the application
of a duplex surface treatment which involves the substrate hardening pre-treat and PVD
anti-wear coatings.

In industrial tool applications, the most useful duplex treatment involves plasma
nitriding and PVD coating [103,104]. Nitriding of a solid ferrous alloy is normally
carried out at the temperature between 450 and 580°C. The nitrided surface results in
the formation of a compound layer (white layer) on top of the substrate and a diffusion
zone deeper within the substrate. The sensitivity of nitrided parts towards tribological,
chemical and electrochemical attack is mainly controlled by the compound layer. A
typical microhardness profile for a case hardened steel substrate is shown in Figure
3.10.
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Figure 3.10. Hardness profile as a function of depth for a plasma nitriding treated steel
substrate [13].

It can be seen that the surface hardness of the nitrided layer is increased significantly,

therefore increasing the load-bearing capacity of the substrate. In principle, it provides
better support for the PVD coating and better resistance against abras:lon.

The duplex coating of PVD hard coating, for instance TiN, on the nitrided outer layer
provides very hard, wear, heat and highly chemical resistance properties. These
properties allow functional sharing between the core material, the hardened case and the
surface, which is of special interest for application in complex stressed parts (Figure
3.11).
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Figure 3.10. Requirement for the surface treatment of complexly stressed parts [105].

With duplex treatment, applications in the metal working industry are envisaged where
the performance of PVD coatings can be remarkably improved. Table 3.2 summarizes
the prevailing wear mechanisms in the three group of applications and the expected
influence of nitriding and PVD coatings. From this summary, it is clear that a
significant improvement of the tribological properties can be achieved by combining
different surface treatments. Though the emphasis so far has been placed on duplex
layers combining PVD and plasma nitriding, these are industrial applications where
higher abrasive wear, compared to those attainable from plasma nitriding, is required.
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Laser cladding is a potential candidate for this purpose. However, no information
regarding the duplex layer of PVD on pre-clad MMC layers could be found in open
Iiteratures.

Table3.2. Prevailing wear mechanisms [13].
Type of operation

Prevailing wear mechanism

Effect of nitriding

Effect of PVD

Precision die

Abrasive wear

Reduction

Significant

cutting

Fatigue and thermal fatigue

Reduction

reduction

Grooving

Reduction

No effect

Plastic deformation

Significant

Minor reduction

Abrasive wear

reduction

No effect

Fatigue and thermal fatigue

Reduction

Significant

Grooving

Reduction

reduction

Abrasive wear

Reduction

Reduction

Corrosion-erosion

Reduction

Reduction

Fatigue and thermal fatigue

Reduction

No effect

Metal forging

Die casting
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CHAPTER 4

EXPERIMENTAL PROCEDURES
AND

METHODS

4.1. Laser Clad WClNi Layers with Pre-placed Powder

4.1.1. Materials

The powders used for pre-placed laser cladding experiments were crushed tungsten
carbide particles (size range 40-150 )lm) mixed with pure nickel powder (size range 40100 !lm). The powders were procured from Goodfellows and Eutectic of Australia,
respectively. The chemical composition of Ni powder (wt. %) is: 99.93Ni%, 0.045%C,
O.013%S and 0.011 %Co. The melting point of WC and Ni powder is 28700C and
14530 C, respectively. SEM micrographs presented in Figure 4.1 (a-b) show the angular
and spherical morphologies of crushed tungsten carbide and nickel particles, respectively.
The mixture powder compositions used in this work are given in Table 4.1.

Commercially obtained high chromium, hot work tool steel (H13; in quenched and
tempered condition with a hardness of 450 HV30) plates with a dimension of 60 mm (L)
x 50 mm (W) x lOmm (H) were used as substrate for laser cladding. The nominal
chemical composition of H13 tool steel is: 0.45C, O.5Mn, 1.20Si, 5.50Cr, O.3Ni,
1.75Mo, 1.2V and balance Fe (all in wt.%). Before cladding the substrates were cleaned
with acetone in an ultrasonic bath and dried in hot air.

Prior to cladding, the mixed WC and Ni powders were poured into a mask that was
placed on the surface of the substrate. Each mask had three slots machined in it with
dimensions of 15 mm by 40 mm. Two powder beds thickness' of 0.5 mm and 0.75 mm
were investigated. A schematic diagram of the powder bed placement is shown in Figure
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4.2. The slots were filled with pre-mixed powder and any excess powder was gently
scraped off the mask, before lifting the mask off the substrate surface leaving behind
three beds of powder. The H13 substrate was firmly secured to a CNC table.

Table 4.1. Composition of mixture powders.
Conditions

WCwt. %

Ni wt. %

Al

30

70

A2
A3

50
70

50
30

Figure 4.1(a). SEM micrograph showing the angular morphology of crushed tungsten
carbide powder used for pre-placed laser cladding.
53

Figure 4.1(b). SEM micrograph showing the spherical morphology of nickel powder
used for pre-placed laser cladding.

HI 3 Substrate

Figure 4.2. Schematic diagram of the pre-placed powder arrangement.
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4.1.2. Laser Cladding

Laser cladding was performed with an industrial 500 W average power Nd:YAG laser
system equipped with a 10 m length of 0.6 rum core diameter, step-index glass fiber. The
processing end of the fibre was terminated with a lens train having an effective focal
length of 100 rum. The head was inclined at 12° from the normal to minimise the
possibility of back reflections from the substrate damaging the optical elements. An
average laser power of 300 W was used. The test-piece was placed in a small jig which
was mounted on a CNC XY table. The laser beam was then scanned across each powder
bed, by moving the CNC table, at a predetermined speed and overlap, melting and fusing
the powder to the substrate. Argon shielding gas was used to minimise the oxidation of
the clad layer surface.

Schematic diagrams of the laser cladding process with the pre-placed powder set-up and
the scan pattern are shown in Figures 4.3 a-b. In the scan pattern, the X is the increment
of the laser spots and Y the overlap of the laser beam. The laser and scanning conditions
used in this experiment are given in Table 4.2. The pulse duration and pulse energy were
chosen within the capabilities of the laser system. The range of pulse duration was from
3 to 15 ms and the range for the pulse energy was 6 to 30 J. The pulse repetition rate or
frequency was selected for each pulse energy and pulse duration in order to produce the
average laser power of 300 W. The details of the relevant calculations for every laser
condition is shown in Appendix A.

For each of the laser operating conditions investigated the laser spot diameter on the
substrate was varied by changing the distance between it and the laser head in order to
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determine the effect of power density on clad layer formation and its properties. The
focal positions used were 4 and 6 mm below the surface of the pre-placed powder.

Optical Fibra

Laser beam

Cladding substrate

(a)

(b)

Figure 4.3. Schematic diagram ofthe laser cladding set-up for: (a) pre-placed powder
laser cladding and (b) the scan pattern.
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Table 4.2. The laser parameters used during trials.
Conditions

Laser
Parameters

Bl

B2

B3

B4

Pulse Energy (J/pulse)

6

10

20

30

Frequency (Hz)

50

30

15

10

Pulse Duration (ms)

3

5

10

15

Focus (mm)

-6

-6

-4

-4

Increment X (mm)

0.1

0.1

0.2

0.2

Overlap Y (mm)

0.3,0.5,0.7

0.3, 0.5, 0.7

0.3,0.5,0.7

0.3, 0.5, 0.7

Average Power (W)

300

300

300

300

Peak Power (kW)

2

2

2

2

4.1.3. Sample Characterisation

The general integrity of the clad layers was assessed by the Dye-penetrant test.
Afterwards, the clad layers were transversely sectioned, mounted, ground and [mally
polished with 1 J..lm diamond paste for microstructural studies. Nital (2.5%) was chosen
to etch the metallographically prepared cross-sections to reveal the heat-affected zone
(HAZ) on the substrate. The surface hardness of clad layer was determined by
micro hardness measurement using 50 grams load. The cross-sectional hardness profIles
of the clad layers were measured using a UMIS-2000 microhardness tester and at a load
of 50 grams.

Microstructural observations were carried out using Leica optical and scanning electron
(SEM) Microscopes. The concentration of iron (Fe), chromium (Cr), tungsten (W) and
nickel (Ni) in the clad layer and the substrate were determined by an energy dispersive
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spectrometer (EDS) attached to the SEM. The dilution calculation, however, was carried
out for iron alone using the following formula:

Dilution (%) =[(Fern-Fep)/(Fes -Pep )]xlOO%

where Fern. Fep and Fes are the concentrations of elemental Fe in the clad layer, the asreceived powder and the substrate, respectively.

The phases present in the original powder and clad layer were identified using an X-ray
diffractometer with CuKa radiation. A step size of 0.020 was used to scan 2e from 30° to
90° with a dwell time of 4 secs/step.

4.2. Laser Clad WClNi Layers with Injected Powder

4.2.1. Materials

The materials used in these experiments were crushed and spherical tungsten carbide
particles (size range 40-150 j.Lm) mixed with pure nickel powder (size range 40-100
j.Lm). Figure 4.4 shows the morphology of spherical tungsten carbide particle. The
composition of the powder (in weight percentage) was 69.5 WC, 29.5 Ni and 1 of AI.
The purpose of adding a small amount of aluminium powder to the mixture was to
eliminate, or at least minimise, the extent of gas porosity forming in the clad layer. A
more detailed explanation for the addition of AI powder into the mixture of WC and Ni
powders is given in section 6.4.1. Substrate material for these series of laser cladding
experiments was again H13 tool steel.
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Figure 4.4. SEM micrograph showing morphology and shape of spherical Tungsten
carbide powder.

4.2.2. Laser Cladding Sel·up

Laser cladding was perfonned with the same Nd:YAG laser system and optical fibre but
with the powder injected into the molten pool. The cladding head arrangement is shown
in Figure 4.5. The fibre optic head and powder delivery nozzle were mounted in a back
plate. The fibre-optic head holder allows for quick connection/disconnection of the fibre
head from the cladding head and incorporated a precision micrometer for pOSitioning the
laser beam focal position relative to the substrate.
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The fibre-optic head, comprising a lens train having an effective focal length of 100 mm,
was inclined 12.5° from the normal in order to minimise the possibility of damaging the
optical elements by back reflections from the substrate surface. The nozzle holder used
to secure the nozzle incorporated an angle adjusting devise in order to examine the effect
of different nozzle angular position on clad layer properties. Two nozzle angles of 20°
and 30° (with respect to the normal position) were investigated. The tip of the nozzle
was located about 9 mm from the substrate surface in the case of the 30° angle and 12
mm in the case of 20° angle. These distances provided a balance between the
requirements of maintaining a low divergence powder stream, unobstructed interaction
with the laser beam and minimal damage to the nozzle from any light back reflected from
the substrate surface.

The powder delivery system used was made by the University of Stuttgart, Germany
[106]. This system is capable of delivering powder mass flow rates as low as 1 g/min
which are required for pulsed laser cladding experiments. The powder flow is controlled
by a specially shaped scraper which pushes the powder from a rotating disc with an
annular slot. This arrangement leads to dependence of the powder mass flow rate only on
the number of revolutions of the motor dosing disc. The powder injection nozzle
employed an inner stainless-steel tube that delivered powder under gravity into the melt
pool, placed co-axially within an outer aluminium tube, which delivered shielding gas to
the work-piece. The diameter and length of the inner stainless steel tube are 1.4 and 100
mm, respectively. The internal diameter of the outer aluminium tube was 8 mm.

The powder delivery system was calibrated by measuring the amount of powder
delivered per unit of time as a function of the rotational velocity (motor voltage) of the
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dosing disc. Figure 4.6 displays the dependence of mass flow rate on the motor voltage
for different powders. It can be seen that the powder mass flow rate dependence is
almost linear with increasing motor voltage. The greater mass flow rate in the case of the
crushed powder is due to the large volume fraction of

we

particles in the powder

compared to those of spherkal powder mix. This is due to the volume fraction of the
crushed powder being higher than the spherical powder. The powder flow rate is
control1ed by the scraper which pushes the volume of powder into the slot. Visual
observation of the powder stream with all the powders tested indicated that it was
uniform and its width on the substrate surface was about 2 mm, which is comparable to
the 1.8 nun diameter laser spot (at the focal position of 6 mrn below the surface) used for

cladding.

Figure 4.5. Experimental set-up used for laser cladding with injected powders.
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Figure 4.6. Powder mass flow rate as a function of the motor voltage for different
powder shapes (mixture contained 70% WC and 30% Ni in each case).

4.2.3. Laser Beam Profile Measurements

Laser beam profIle is an important processing parameter affecting the maximum
temperature and temperature distribution within the clad layer. The laser beam profIles
were recorded using a commercial beam analysis equipment (SPIRICON laser beam
analyser, model LBA-lOO) which displays a false colour image of the intensity of the
beam. Beam profIle measurements were made with two types of fIbre-optic heads: a 2element lens system and a 4-element lens system. The measurements were performed for
a number of laser cladding conditions and focal positions of 4 mm and 6 mm below the
surface of the powder.
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4.2.4. Laser Cladding

Samples of H13 tool steel were scanned under the cladding head in a predetermined
pattern (Figure 4.7). Initially, the investigation was carried out to study the effect of the
laser pulse energy on the formation of the clad layer. In this experiment, a range of laser
pulse energies from 12.5 J to 25 J per pulse was used to form a clad layer. The pulse
duration was kept constant at 8 ms and the pulse repetition rate was then selected to
produce an average laser power at 440 W. The power loss through the beam delivery
system was measured using an Ophir DGX Calibrated Power Meter and found to be
about 30%, so that the power incident on the substrate was about 310 W. The details of
the laser conditions used in this experiment are listed in Table 4.4.

Once the optimum laser conditions had been determined for producing metallurgically
sound, essentially pore and crack-free clad layers, a series of lab samples was prepared
for the assessment of adhesive and abrasive wear resistance. The effects of WC particle
shape, substrate pre-heat temperature and laser scanning conditions were studied using
parameters given in Table 4.5. The reason for pre-heating the substrate was to reduce
the thermal stress between the clad layer and the substrate in order to produce crack-free
coatings. The laser pulse energy, the processing speed and the overlap increment were
20 J/pulse, 500 mmlmin and 0.3 mm, respectively. The WClNi powder mass flow rate
was kept constant at 4.3 g/min. The focal position was maintained at 6 mm below the
substrate surface, throughout all the experiments.
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Table 4.4. Laser cladding with different laser pulse energies.
Conditions

Laser Parameters
Series

Cl

C2

C3

C4

C5

C6

Pulse Energy (J)

12.5

15

17.5

20

22.5

25

Frequency (Hz)

35.2

30

25

22

20

18

Pulse Duration (ms)

8

8

8

8

8

8

Average Power (W)

440

440

440

440

440

440

Laser beam

Powder delivery
nozzle

Clad layer

Substrate

Figure 4.7. Schematic diagram of laser cladding set-up and scan pattern with injected
powder.
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Table 4.5. Laser cladding conditions with injected powder technique.

Series

Powder
Shape

Frequency

Pulse
Duration

(oC)

(Hz)

(ms)

(1)

(W)

8

20

440

Temperature

Processing
Optics

Pulse
Energy

Average
Power

Dl

Spherical

20

2

22

D2

Spherical

300

2

22

8

20

440

D3

Spherical

20

4

22

8

20

440

D4

Spherical

300

4

22

8

20

440

El

Crushed

20

2

22

8

20

440

E2

Crushed

300

2

22

8

20

440

E3

Crushed

20

4

22

8

20

440

E4

Crushed

300

4

22

8

20

440

4.2.5. Sample Characterisation

The general integrity of the clad layers was determined using the same techniques as
those employed for the pre-placed clad layers (see section 4.1.3). In addition, the volume
fraction of WC particles in the clad layers was measured using an optical microscope
equipped with an image processing system.

Abrasive wear behaviour of clad layers was investigated by a dry-sand, rubber wheel
abrasion test (Figure 4.8) according to procedure C of the ASTM-G 65-85 standard
[107]. Wear samples with dimensions of 75 rnm x 30 rnm x 12 rnm were prepared and
secured to the apparatus. The surface of each clad layer was ground to a smooth fmish
using a 400 !lm diamond wheel. A load of 133.5 N was applied to the rubber wheel with
a diameter of 228.6 mm. The wheel speed was 200 rev/min. Silica sand (Figure 4.9) with
a particle size range varying from 200 to 400 /..lm was used as the abrasive and dropped
between the specimen and the rubber wheel at a flow rate of 360-370 g/min. The
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complete abrasive test was conducted over a total sliding distance of 430.8 m which
corresponded to 30 minutes of running time. The weight of the samples was measured
before and after each test and the weight loss recorded. The following equation was used
to calculate the wear rate of clad layers.

V'

Am

Eqn.4.1 [l08]

where V' is wear rate (mm31km); Am is weight loss (g); Sy is sliding distance (km) and p
is the specific density of worn material (g/mm3).

Adhesive wear behaviour was determined using a pin-on-disc tribometer. The result was
used in comparison with the wear resistance of the duplex coatings. The details of the
test parameters are shown in section 4.4.3.

F

Load

Figure 4.8. Abrasive wear test set up.
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Figure 4.9. Optical mlcrograph of the abrasive sands.
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4.3. PVD of Thin Hard Coatings

4.3.1. Materials and Samples' Preparation

AISI 316 austenitic stainless steel discs (45 mm in diameter and 4 mm thick) were cut
from as-supplied bar. Chemical analysis using spark emission spectroscopy indicated that
the steel was within AISI specification for 316 grade (Table 4.6). One surface of each
sample was ground and polished to 3 /lm fmish using an Abramin-automatic polishing
machine. Subsequently, the samples were manually polished with 1 /lm diamond paste to
a mirror fmish. After polishing, the samples were degreased and cleaned using DeconNeutracon detergent and distilled water in an ultrasonic bath, then rinsed with acetone
and dried in hot air.

Table 4.6. Chemical composition (wt. %) of Austenitic stainless steel (AISI 316)
C

0.043

Cr
16.40

Ni

Mo

Mn

Si

Ti

Cu

Other

Fe

10.56

2.34

1.18

0.48

0.012

0.24

0.27

Bal

4.3.2. Coating Procedures

The coatings were deposited using the flltered arc deposition system (Figure 4.10). The
coating chamber was pumped down to a base pressure less than 5x1O·5 Torr. Prior to
coating, the specimens were heated by a radiative heater whilst the substrate's
temperature was monitored via a thermocouple. The sample was heated to a temperature
of approximately 400-450°C. Initially the specimens were sputter cleaned for one and
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half minutes with the titanium ion beam using a substrate bias voltage of -500 V and
beam current of 0.68 Amp. To initiate the coating process the bias voltage was reduced
to -70 V and beam current to 0.62 Amp, and the specimens were coated with Ti for one
minute before the reactive gases were introduced into the chamber via the mass flow
controllers.

A Hiden-IOO mass spectrometer

wa~

employed to monitor the partial pressures of ~

and N z gases. A capacitance manometer was utilised to monitor the total pressure during
reactive deposition. Table 4.7 summarises the deposition parameters. During the coating
process, the ion beam was scanned across the specimens horizontally at a level of 18
volts and vertically at a frequency of 4 Hz, using two pairs of mutually perpendicular
electromagnets driven by variable amplitude and frequency power supplies.

Figure 4.10. The mtered arc deposition system.
69

Table 4.7. The deposition parameters for TiCN coatings.

Sample

Beam

Partial Pressure

Pressure

Mass Flow Rate

Number

current (Amp)

Ratio (CH4 :N2 )

capacitance(Pa)

CH4(sccm*) N2(sccm)

FI

0.68-0.53

0:1

0.273

-

54

F2

0.70-0.50

0.1:1

0.275

3.5

52

F3

0.68-0.46

0.15:1

0.273

4.2

50.2

F4

0.68-0.48

0.3:1

0.276

9.5

46.6

F5

0.64-0.42

0.5:1

0.273

15.2

43.1

F6

0.66-0.45

0.8:1

0.273

20.8

38

F7

0.68-0.5

1:1

0.265

22.9

33.9

F8

0.66-0.48

1:0

0.273
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-

* sccm (standard cubic centimetre per minute) = cm3/min.

4.3.3. Surface Roughness Measurement

The surface roughness of the polished samples before and after PVD coating was
measured with a Tencor Alpha-step 200 profIlometer. This instrument consists of a
diamond stylus with a radius of 2.5 !lID. Four scans (2000 !lID long obtained at a sample
rate of 1 pointlJ.1m) were made along the X and Y axes of each specimen, and the
average readings were recorded.

4.3.4. Coating Thickness Measurement

The coating thickness was measured using a home made ball-cratering machine. The
measurement procedure was as follows:
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•

A ball bearing (25 mm in diameter) covered with one micron diamond paste was
kept in rotation on the specimen by a shaft with a V-groove.

•

A depression in the form of a spherical cap was abraded into the specimen as shown

in Figure 4.11.
•

X and Y dimensions (see Figure 4.11) were measured with the aid of opticaJ

microscopy and the thickness, E, of the coating was determined using the following
relationship:
E=XY/!f baD

Figure 4.11. A typical ball crater used for thickness determination of PVD coatings.

4.3.5. X-ray DilTraction

The crystal structure and lattice parameters of the PVD coatings were determined by a
X-ray diffractometer. The system was operated with CuI(. radiation at 40 KV and 40

rnA over Bragg angles (2-theta) from 300to 80°. The step size and dwell time were 0.02°
and 4 sees/step, respectively.
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4.3.6. Microhardness Measurement

The hardness of each coating was measured using an UMIS-2000 Ultra MicroIndentation System. A brief description of the operating principle of this system is given
in Appendix B. A triangular pyramidal indenter (Berkovich) was used to indent the
specimens and measure the penetration depth. The instrument automatically collects
force-displacement data from pre-selected positions on the surface. Loads of 10, 20, 30
and 50 mN were applied and at least five different positions were tested for each load.
The distance between two indents was 50 J,lm.

4.3.7. Scratch Testing

The scratch test is most widely used in determining the adhesion of hard coatingsubstrate systems. In the scratch test a stylus (usually a Rockwell C diamond rider) is
drawn over the coating surface under a stepwise or continuously increasing normal load
until the coating detaches [109]. In practice, a critical load (Cd which is taken as the
load at which the coating is removed is defmed as coating adhesion. Failure during the
scratch test can be detected in a number of ways [110]:

(1) Acoustic emission- cracking in brittle materials is associated with the generation of
high-frequency vibrations in the coating and substrate and each failure mode has a
characteristic acoustic emission signal [111]. For thin coatings on soft substrates
there is a fairly good correlation between the generation of large pulses of acoustic
emission and failures at the coating-substrate interface.
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(2)

Friction force measurement- in cases where the friction between the stylus and the
coating and the friction between the stylus and the substrate are different there will
be a change in friction once the coating is removed and the substrate is exposed.
This is a particularly useful method for determining the adhesion of thin ceramic
fIlms on metallic substrate.

(3)

Reflected light or scanning electron microscopy - perhaps the best method for
assessing the adhesion of the coating is by examination of the scratch track under
microscope. This enables failure mode to be unequivocally identified in different
areas. However, it is not possible to assign a quantitative value to adhesion.

The main criteria to be used in the determination of the adhesion are fIrst acoustic
emission and second frictional force; however, the optical observation also is useful to
give an additional information on the size and nature of failures. In most cases it can be
said that the three methods provide complementary information.

Adhesion performance of the PVD TiN, TiCN and TiC coatings was characterised using
a Romulus II universal adhesion tester. The specimens used for scratch testing were
placed in the holder and a spherical (Rockwell C) diamond stylus with a tip radius of 200
!lm was drawn across the [.tIm surface. A vertical load, applied to the stylus was

continuously increased with a standard scratch speed of 2 mmlmin and loading rate of 10
N/mm. The travel distance was 10 mm and the maximum load was 60N. Figure 4.12

shows a typical scratch test result in the form of plots of normal load, tangential force
and accoustic signal along the length of scratch track. The positions of lower and upper
critical loads are clearly marked on the plots.
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Two or three scratches were made on each sample and the values of the lower critical
load (LCL) and upper critical load (VCL) were averaged. The LCL is defmed as the
normal load at which a significant change in the magnitude of the acoustic emission plot
occurs, which corresponds to the load at which significant coating damage (such as
cracking) fIrst occurs [112]. This coating damage releases elastic waves which are
detected as AB. The VeL is defmed as the normal load 'at which a significant change in
the tangential friction force plot occurs, which corresponds to the load required to
remove the coating from the substrate. The change in friction from stylus/coating to
stylus/substrate contact is detected as a change in tangential friction force.

60

-

-Porce"

--

'Friction Force'

0.4

o

0.2

0.4

0.6

0.8

1.2

1.4

DIstance (em)

Figure 4.12. A typical scratch test result.
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4.3.8. Wear Testing

Wear testing of the PVD TiN, TiCN and TiC coatings was perfonned using a pin-ondisc sliding mode in a Biced Universal Wear Machine (Figure 4.13), which was capable

of providing sufficient torque to maintain smooth operation from 0.5 to 1000 rpm
Figure 4.14 shows schematically the wear testing mode. The nonnalloads of 10, 15 and
25 Newtons were applied vertically to the pivot arm by placing weights on the load pan,

whilst a ruby ball served as the pin (rider or slider). Table 4.8 shows some attributes of
the ruby ball. For each wear test, the ball was rotated to a new spot. A constant linear
velocity of 0.3 mls was used for all tests. each test lasting for 800 turns under the dry
sliding condition. All the PVD samples and balls were thoroughly cleaned and degreased

prior to the test.

Figure 4.13. The Biceri Universal Wear Machine
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LVDT (to digital instruments)

Disc
Balancing
Weight

Motor

Figure 4.14. Schematic diagram showing the pin-on-disc test set-up.

The friction force was measured by using linear variable differential transducer (LVOT).
For the friction measurement, the LVOT senses the displacement from the pivot arm
(friction arm) which is deformed elastically due to a lateral or frictional force. A
calibration of the friction force against the voltage output of LVOT was conducted
before the wear testing (Figure 4.15). The result out calibration constant was used to
convert the frictional force into the coefficient of friction. The data acquisition was done
by an interfacing instrument (Maclab 8 AnaloglDigitals converter), with the results
displayed and recorded on an Apple Macintosh computer using a "Chart 3.2" software
supplied with the Maclab. The tests were conducted under laboratory ambience with a
room temperature of 25°C and a relative humidity of 50%. Wear track areas were
measured by the Alpha-step 200 profllometer.
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Figure 4.15. Calibration of the LVDT voltage against the frictional force.

Table 4.8. Attributes of the ruby ball.
Chemical
Ball

Diameter

Crystal Structure

Composition
Ruby

6mm

Ah0 3

Single, crystal

Hardness

Young's

(HV)

Modulus

1700-2000

3.45 GPa

4.3.9. Microscopic Examination

Optical and Scanning Electron Microscopy (SEM) in conjunction with atomic force
microscopy (AFM) were employed to examine the microstructure, cross-sectional
fractured surface and fme surface features of the coatings. The chemical composition of
particles on the surface of coatings were determined with an energy dispersive
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spectroscopy (EDS) unit controlled by a Moran Scientific Multi Channel Analyser, using
a standardise, semi-quantitative analysis approach.

4.4. Duplex Surface Treatment

4.4.1. Materials

Austenitic stainless steel (AISI 316) discs (45 mm in diameter and 10 mm thick) were
cut and ground as the substrate. The laser cladding materials used in these experiments
were crushed tungsten carbide particles mixed with pure nickel powder and pure AI
powder, as described previously.

The overall composition of the mixed powder (in

weight percentage) was 69.5% WC, 29.5% Ni and 1% AI.

4.4.2 Coating Procedures

The discs were initially clad with the WClNi layer using the injected laser cladding
technique as described in Chapter 4.2.2. Prior to the PVD coating, each WCINi clad
layer was ground by a diamond wheel and polished with 1 !lm diamond paste. Finally a
series of TiN, TiCN and TiC coatings were deposited onto the surface of the clad layers.
Two compositions were selected for TiCN coatings with CHJN2 ratios of 0.15:1 and
0.8:1.
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4.4.3. Sample Characterisation

The surface morphology of the duplex coating was observed by optical microscopy and
SEM. The surface microhardness was measured by the UMIS-2000 using loads of 10,
20, 35, and 50 mN. The adhesion of the TiCN coatings to the laser clad WClNi layers
was tested by the scratch tester. The friction force and wear behaviour were investigated
using the pin-on-disc tribometer under the applied loads of 25 and 40 N. Wear test
parameters were the same as those used for the PVD coating on stainless steel
substrates.
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CHAPTERS

RESULTS

5.1. Characteristics of Laser Clad Layers with Pre-placed Powders

In the initial stages of this work, WClNi clad layers obtained using the pre-placed
powder technique were characterised to gain an insight into their formation. Laser
cladding of pre-placed powder also provided a convenient means of optimising the laser
process parameters (pulse energy, duration, overlap, etc.) and powder mixture
(composition and shape). In the following sections the most pertinent results of this
characterisation program, i.e. surface appearance, roughness, porosity, cracks,
microstructure, hardness and dilution are presented.

5.1.1. General Appearance

Traversing the laser beam across the pre-placed powder samples produced a bright,
yellowish plume with a certain amount of fume. The height of the plume and the
amount of fume varied for various laser parameters, being most pronounced for short
pulse lengths, high pulse energy and for the focus on the powder surface (zero focal
position).

The surface appearance and roughness of clad layers were greatly influenced by laser
parameters. Figure 5.1 shows a typical view of top surface of clad layers displaying
both pulse and track overlaps. It was observed that the surface roughness of the clad
layer was affected by the pulse duration, increment and overlap, with the rougher
surface being obtained with large overlaps and shorter pulse duration. On the other
hand, smooth surfaces were obtained with small overlaps and longer pulse duration.
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5.1.2. Porosity and Cracks

The amount of we in the powder mixture had a major bearing on the porosity in the
clad layer. Figure 5.2 shows the extent of porosity in WClNi clad layers produced with
different

we content in the mixture.

For 30%

we in the

mixture large voids, up to 100

!lID in diameter, were observed occupying more than 50% of the volume (Figure 5.2-a,
determined by an image analysis). The size and volume fractions of voids were reduced

to an abnost negligible level when the weight percentage of

we in the mixture was

increased to 70% (Figure 5.2-c). No further reduction in porosity was noticed for greater
amount of we and it appears that 70% we in the mixture is an optimum level.

(a)
(b)
(e)
Figure 5.1. Sudace appearance of typical pre-placed WClNi laser clad layers for
different overlaps: (a) 0.3 em; (b) 0.5 em and (e) 0.7 em
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Figure 5.2. Optical micrographs of laser clad layers with different we content in the
mixture: (a) 30 wt.%, (b) 50 wt.% and (e) 70 wt.%.

For optimum level of

we

in the power mixture (70%) the pulse energy had the most

influential effect on the porosity. At low pulse energy (6 J), the coatings displayed
incomplete melting of the nickel matrix resulting in large volume fraction of pores and
very poor quality (Figure 5.3 a). The interfacial region of this clad layer exhibited a heat
M

affected zone and no sign of substrate melting was noticed, judging by the original
geometrical surface of the substrate which reflects intact as a straight line.

The clad layers produced with the intermediate pulse energy of 10 J were much denser,

but still contained some large pores. However, at this pulse energy interfacial melting
and interaction between clad layer and substrate took place, as evidenced by the wavy
interface in Figure 5.3-b, which is reminiscent of the pulse overlap.
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Porosity was almost entirely eliminated at a pulse energy of 20 J and only sporadic
close pores were observed in the cross section of the clad layer (Figure 5.3-c). Complete
elimination of porosity occurred at a pulse energy of 30 J (Figure 5.3-d). However, at
this high pulse energy, large

we particles were apparently broken up into smaller

fragments surrounded by the nickel matrix.

The clad layers formed at the smaller overlaps in the X and Y directions were denser
than those produced with large overlaps. The high pulse energy (30 J) resulted in a
homogeneous layer for all overlaps. In the case of large overlaps, the layers exhib ited
fine

we particles uniformly distributed

in the clad layer. However, for the lower

overlaps, severe cracks were observed in the layer.

<aJ
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(b)

(c)
85

(d)

Figure 5.3. Cross-section of series B (pre-placed powder) clad layers at different laser
pulse energy: (a) 6; (b) 10; (c) 20 and (d) 30 J.

The clad layers produced with high laser pulse energy and small overlaps (30 J, X==O.2.
Y=O.3) exhibited significant cracking as evident in Figure S.4-a. Crack-free layers were,
however. produced at lower pulse energy (20 1) or the high pulse energy (30 1). but with
large overlaps (X"Q.2.

Y~O.7)

as depicted in Figures S.4(b-c).
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(a) Laser conditions: Pulse energy =30 J, X = 0.2, Y = 0.3. X50

(b) Laser conditions: Pulse energy = 20 J, X = 0.2, Y = 0.3. X50
87

(c) Laser conditions: Pulse energy = 30 J, X = 0.2, Y = 0.7. X50
Figure 5.4. Cross-sectional micrographs showing the extent of cracking in clad layers
produced with different pulse energies and overlaps.

5.1.3. Dilution of the Clad Layers

The Fe dilution values are plotted in Figure 5.5 for the 0.5 mm powder bed thickness
and various Ni content and laser parameters (pulse energy, focal position and
increment). It can be seen that the dilution increases with increasing amount of nickel in
the powder. More specifically, the dilution ranges from about 70% for a powder layer
containing 90 wt. % of nickel to 6% for a powder layer containing 30 wt. % of nickel.
The dilution also depends on the laser pulse energy, focal position and increments in X

and Y directions, increasing with increasing pulse energy andlor decreasing X and Y
increments.
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Figure 5.5, Fe dilution in clad layer as a function ofNi concentration in the starting
powder for different laser conditions (B 1 and B2 represent the pulse energy of 6 and
lOJ, respectively).

5.1.4. Microstructure and Phase Constituents of Clad Layers

The x-ray diffraction patterns of the initial (mixture of we and Ni) powder and of a
typical clad layer are presented in Figures 5.6 and 5.7, respectively. As expected, the
main constituents of the initial powder are

we and Ni. However, the phases present in

the clad layer are a mixture of WC, W2C, WCI-x, NiCrFe and NiFe.

No NiIW

intermetallics were found in any of pre-placed powder clad layers.

The intensity of NilFe diffraction peaks increased as the pulse enegy increased. Also,
the peaks for this phase were generally shifted to lower Bragg angles, indicating higher
solid solution of substitutional elements (Figure 5.7).

89

Counts
Counts
~

0

~

N

~

0
0

8

0

IIf'

....

...

~

....(Il

....

U\

~

0
'"

'"0

S4.
....
~
0
.....,

,:.,

S-

f
'9

~

S

1:1"

0.....,

'"

~

0

i'"

U\

0

Ni(111)

Ir

WC(lOl)

N

....!3'"

1:1"

'"
0

;:>

()

a

'-'

WC(002)

1:::-

CZl

~

0-

cl

-.l

0

1(-=

~

()

WC(lll)

'"0

WC(200)

0

~
0-

0

~

~

-I ..,

00

I....
0

'"
0
0

...
0
0

00

0

00
'-< '-<

W zC(004)

0

;:::=-

S4.
;:!

N

~

\0

WC(lOO)

(Il

.......
CZl

WC(OOI)

'"0

NiFe(200)

~....
~
....

25

~

()

~
0-

0

CZl

(Il

~

I

§

§
CZl

U\

0
0
0

0

~

NiFe(l11)

NiCrFe(llO)

.c:.

U\

~

~
CZl

~

..,.

~

W zC(002)

W zC(101)

8

0

0

(JQ

~

'"

t5
0

w

I

WzC(lOO)

~

.......

0

0

"I1

"I1
(JQ

(Il

<5
0

It....- WCf20l)
'"0

0>
0
0

co
0
0

8
0

;;;

.:

0

0

0

0

m
0
0

~

"""'0

~

~

5.1.5. Microhardness of the Clad Layers

The dependence of the surface hardness of the laser clad WelNi layers on the we
content and increments is plotted in Figure 5.8. For the same laser energy, the surface
hardness increased with increasing we content. Also, smaller laser spot increments
produced a higher hardness in the coating.

800
-+-30%Wt. we
....JI-50%Wt. we
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Increment (mm)

Figure 5.8. Dependence of the surface hardness oflaser clad layers on laser overlap and
we concentration.

Average values of the cross-sectional microhardness profiles (Figure 5.9) indicate that
higher hardnesses are achieved at pulse energies of 20 and 30 1. Except for the lowest
pulse energy (6J), the hardness values are quite constant throughout the thickness of the
layer suggesting good homogeneity and mixing of the constituents of the clad layers.
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Figure 5.9. Microhardness profiles of laser clad coatings produced by different lase]
parameters.
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5.2. Characteristics of Laser Clad Layers with Injected Powders

Laser cladding with injected powder was carried out in two stages. In the flrst stage the
most pertinent laser parameters, i.e. pulse energy, traverse speed and substrate preheat
were optimised for crushed and spherical

we

(70% )/Ni powders to obtain a dense and

crack-free layer. In the second stage, the influence of powder morphology (crushed vs.
spherical) on the microstructure, hardness and tribological behaviour of clad layers was
investigated. The results of this characterisation program have been presented in the
following sections.

5.2.1. Optimisation of Laser Pulse Energy

The cross-sectional micrographs of a series of clad layers obtained by varying the pulse
energy from 12.S to 2S J are shown in Figures 5.10. All of these layers were produced
using mixed crushed

we

(70% )/Ni powders with an average laser power of 440 watts

and pulse duration of 8 ms. (condition

e in Table 4.4).

At a pulse energy of 12.5 J

(Figure S.lO-a), very poor quality, discontinuous clad layers with large voids were
obtained indicating insufficient heat input and incomplete melting. The clad layer
formed at a pulse energy of 20 J was continuous exhibited an even distribution of we
particles, Figure S.lO(b). Also, numerous pores within the

we

particles themselves

appearing as black features, were observed in this layer.

High quality and almost fully dense clad layers were produced with a pulse energy of
22.S J (Figure S.lO-c). The majority of pores within

we particles were also

eliminated

at this pulse energy and were replaced instead by a large quantity of very fine
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precipitates, presumably formed by disintegration of large porous carbides which
subsequently interacted with the binder phase.

Fragmentation of porous carbides was more pronounced at even higher energy (25 J)
and the clad layer essentially displayed a stratified structure whereby the fine fragments
were accumulated towards the upper part of the layer and large

we particles sunk to the

bottom and concentrated at the interface with the substrate, Figure 5.10(d).

It should be pointed out that although increasing the laser pulse energy from 20 to 25 J
improved the density and integrity of the clad layers this was accompanied by a
Significant increase in the Fe dilution level from 6% to 12% (Figure 5.11). At higher
pulse energy excessive heating and melting of the substrate occurred resulting in mixing
and dilution of the clad Jayer. For this reason, the optimum laser pulse energy was
selected to be 20 J and this was used to produce the samples for the tribological study.

<aJ
94

(b)

(e)

95

(d)

Figure 5.10. Cross-sections of clad layers produced at different pulse energies: (a) 12.5,
(b) 20 (c) 22.5 and (d) 25 llPulse. Substrate material in all cases is H13 tool steel.
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Figure 5.11. Fe dilution in clad layer for different laser pulse energies.

96

5.2.2. Effect of Traverse Speed and Injected Powder Mass Flow Rate

The results of the clad layer thickness measurements as a function of traverse speed for
different mass flow rates are illustrated in Figure 5.12 indicating that the clad layer
thickness decreased from about 1.2 mm at 5 mmls to 0.3 mm at 20 mmfs. The low
processing speeds resulted in a thick clad layer, but the quality of the layer was poor (in
terms of porosity and cracks).

For a fixed coverage rate, an almost linear dependency was observed between the
traverse speed and powder mass flow rate. For instance, to obtain a layer thickness of
0.8 mm the traverse speed could be almost doubled provided the mass flow rate is
increased from 2.3 glmin to 4.2 g/min.

Based on the results presented above a traverse speed of 15 mmls and a powder mass
flow rate of 4.2 g/min were chosen for the preparation of samples for tribological
investigation.

1.4,----------------------------,
-.- 2.3 g/mi. 16J/25Hz/Sms/f-6

---3.3 g/mi. 16J125HzlSms/f-6

1.2
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0.2

-f------.---.-----.-----.----r-----.,-----.-----r-----l
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8

10

12

14

16

18

20

22

Speed (mm/s)

Figure 5.12. WClNi clad layer thickness against the processing speed for different
powder mass flow rates.
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5.2.3. Effect of Substrate Preheat

Figure 5.13 shows the top view of a clad layer. formed with injected powder, displaying

both pulse (X) and track (Y) increments. The surface roughness of the coating was
affected by both the pulse and track increments, with the rougher surface being obtained

for larger increments. The dye penetrant test indicated that clad layers produced by
both crushed and spherical powders without prior heating of the substrate contained
cracks. Pre~heating the substrate to 300°C completely eliminated all the cracks. An

example of dye penetrant results is reproduced in Figure 5.14.

Figure 5.13. Surface view of a typical pulsed laser clad layer formed by injected
powder.
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<a)

(b)

Figure 5.14. Dye penetrant test results of the clad layers produced at different substrate
pre-heat temperatures: <a) 20°C and (b) 300° C.

5.2.4. Effect of Laser Beam Profile

The intensity profiles of the laser beam for the two and four element heads are shown in

Figure 5.15. The profiles were obtained using the laser parameters designated as
condition "B3" in TabJe 4.2 (pulse energy of 20 1, pulse duration of 10

IDS

and

frequency of 15 Hz) and the focal position of 6 nun below the surface of the substrate.

The two element heads produced a "donut" shaped intensity profile while the four
element heads gave rise to a "top-hat" intensity profile. The difference in beam profiles
is due to the different degrees of image defects or aberrations present in the optical
systems.

Examination of the clad layers revealed that the four element heads resulted in a slightly
better quality coating. in terms of porosity. microstructure and dilution. This is
attributed to be a more uniform temperature profile on the substrate. Both the two and
four element heads were used to prepare clad layers for tribological examination.
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Figure 5.15. Laser beam profile produced with: (a) two element head, (b) four element

head. Other laser parameters were kept constant at: 201 energy, 10 IDS
duration. 15 Hz frequency and -6 mm focal length. Intensity is in Jlcm2 •
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5.2.5. Microstructure, Hardness and Abrasive Wear Resistance

The microstructure, hardness and abrasive wear resistance of clad layers with injected
powders (both crushed and spherical) were determined for fixed parameters of laser
pulse energy (20 J), pulse duration (8 ms) and pulse frequency (22 Hz). The variable
parameters were, laser optics (2 and 4 elements head) and substrate preheat
temperatures of 20° (room temperature) and 300°.

5.2.5.1. Microstructure and Phase Constituents of Clad layers

(I) Spherical Powder

The microstructure of the clad layers produced with spherical WC powder and the two
and four element processing heads with and without substrate preheat is shown in
Figure 5.16. Clad layers produced without substrate preheating displayed some cracking
as discussed previously. The preheating substrate to 300°C completely eliminated all
cracks.

Samples produced with the two element head generally exhibited a uniform distribution
of WC particles throughout the matrix and were surrounded by numerous fine particles.
The fine particles displayed a lamellar morphology at higher magnification (Figure
5.17), suggesting a precipitation reaction possibly from a liquid phase. In other words,
it appears that molten Ni binder has reacted with

we particles and the resultant

intermetallic phase has subsequently separated from the melt and precipitated with a
distinct lamellar (dendritic) morphology, typical of a eutectic solidification.
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(a) D I conditions (20°C pre-healed and 2 element head).

(b) D2 condilions (300°C pre-heated and 2 element bead).
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(c) D3 conditions (20°C pre-heated and 4 element head),

(d) D4 conditions (300'C pre-heated and 4 element head),
Figure 5.16. Cross-sectional microstructures of clad layers produced with injected

spherical we particles at the laser conditions of20 J, 8 ms and 22 Hz.
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Figure 5.17. The dentritic (lamellar) microstructure of the

re~solidified

we particles for

D4 laser condition (300°C pre~heated and 4 element head).

Figure 5.18 displays the XRD spectra of the spherical

we powder and clad layer

obtained under Dl conditions (20oe prc~heated, 2 element head). The phases present in
the spherical

we powder are a mixture of WC, w2c and WCI_X' However, the

diffraction peaks for the clad layer are not only of WC, W2C and WCI_X, but also of the
NhW4 C and CrFeNi, suggesting the formation of an intermetallic phase in the matrix
(binder) of the clad layer. This is consistent with the observation of lamellar particles
mentioned above.
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Figure 5.18. XRD spectra of: (a) the spherical WC powders and (b) laser clad WClNi
layer (D1 with 20°C pre-heated and 2 element head).
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(II) Crushed WC powder

The

cross~sectional

microstructures of the coatings produced with the crushed

we

powder are shown in Figure 5.19. Most of we particles have remained in their original

shape and display an interlocked morphology. No partial melting of the particles or fine
lamellar intermetallic precipitates were observed.

(a) El conditions (20°C aod 2 element head)

(b) E2 conditions (300° C pre-heated aod 2 element head).
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(c) E3 conditions (20·e and 4 element head).

(d) E4 conditions (300· e pre-heated and 4 element head).
Figure 5.19. Cross-sectional microstructures of clad layers produced with crushed we
particles at the laser conditions of 20 J. 8 ms and 22 Hz.
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The x-ray diffraction spectra of the as-received crushed WCINi powder and the clad
layers formed using this powder with and without substrate preheat are displayed in
Figure 5.20. All the clad layers peaks are similar to those obtained with the as-received
WC powder, except for a slight shift to lower Bragg angles. The peaks associated with
Ni binder were found to be consistent with a CrFeNi alloy indicating a dilution effect
whereby Cr and Fe from the substrate were dissolved in the Ni binder phase. No M6C
type intermetallic phase was discerned precluding the possibility of interaction between
WC particles and the binder phase. However, peaks associated with WC were also
found to have been shifted to lower Bragg angles indicative of dissolution of other
elements.

-Powder
-4EH-300
-4EH-20

;:;o

e

~

4000

3000

j'"

~
~

i'

co

~

U
2000

S

I

;:;-

I

N'
0

§'

e
~

~

i
1000

30

40

50

60

70

'"CJ.
~

N'
0

~
~

~

<:>

CJ.

~

80

90

2-Tbeta

Figure 5.20. XRD spectra of the crushed

we powder and clad layers formed with this

powder using Elconditions (20oe and 2 element head) and E4 (300°C preheated and 4 element head).
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The volume fractions of the

we particles, as determined by a quantitative image

analysis system, for different clad layers are given in Table 5.1. The crushed powder
yielded a volume fraction almost twice as great as that of spherical powder.

The

differences for other processing parameters are well within the scatter band associated
with the measurements (± 10%) and are, therefore, regarded as insignificant, i.e. the
processing head and substrate preheat are not as important as the starting powder.

Table 5.1. Volume fraction (%) of we particles in the clad layers (error: ± 10%).

Optics

Crushed

Spherical

Head

20u C

300 u C

20 u C

300 u C

Volume

2

50

38

71

78

Fraction (%)

4

48

35

80

70

5.2.5.2. Surface Microhardness of Clad Layers

Figure 5.21 illustrates the average microhardness values of the ground laser clad surface
and heat-treated H13 sample. The results show that surface hardness of the clad layers is
generally higher than that of the heat-treated H13 substrate (cf. 600 and 480 HVO.5). The
clad layers produced with crushed WC powder exhibited a more consistent and slightly
higher hardnesses compared with those obtained with spherical powder. The difference,
however, was well within the experimental error. Also, it appears that other processing
parameters such as laser head configuration and substrate preheat may have had a small
influence on the hardness of the clad layers produced with spherical particles. These
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differences though are well within the experimental errors, thus, rendering any
definitive conclusions rather tentative.
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Figure 5.21. Surface microhardness of laser clad layers compared with uncoated H13
steel. Laser conditions: 20 J, 22Hz and 8 ms.

5.2.5.3. Abrasive Wear Resistance

The abrasive wear rate of different WClNi clad layers is shown in Figure 5.22. All the
clad layers exhibited significantly lower wear rate (by a factor of 4 to 5) than heattreated H13 tool steel Generally speaking, the abrasive wear rate of clad layers formed
by crushed powder was lower than those obtained with spherical powder (up to 50%).
Moreover, the abrasive wear resistance was found to be related to the volume fraction of

we in the clad layers and conditions conducive to larger volume fractions (i.e. 2
element head and no substrate preheat) resulted in a Slightly higher wear resistance.
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The surface of the clad layer formed with spherical powder before and after abrasive
wear test are shown in Figure 5.23. It appears that the predominant wear mechanism is
cutting and removal of the binder phase and

we

evidence of fragmentation or dislodgement of

particles are essentially intact. No

we

particles was found on tbe worn

surface.

The worn surface of the clad layers formed with crushed powder (Figure 5.24) however
was found to be quite different, dispJaying mainly the interlocked

we

particles and

only a smaJl quantity of binder phase. The interlocked nature of we particles provided
a significant barrier to the cutting and removal of the binder phase and was primarily
responsible for excellent abrasive wear resistance of these clad layers.

100
D·Spheric;d Powder
DI-20°, 2 Elcmcnl head
~

S

80

02-300° 2 Element head;
D3 20 4 E! roeq.l head
04-300 4 Element ht:ad:

ffi

S 60
S
~ 40

~

~

..

..::
~

'"
~

20
0
H13

01

02 03 04 EI
Samples

E2

E3

E4

Figure 5.22. Wear rate of the WClNi clad layers compared with uncoated H13 tool
steel. Laser conditions were: 20 J, 22Hz and 8

filS.
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(a)

(b)
Figure 5.23. SEM micrographs of D2 (formed with sphericaJ powder at 300°C pre-heat
and 2 element heads) clad layer: (a) ground surface, (b) worn surface.

11 2

Figure 5.24. SEM image of the worn surface of E4 (formed with crushed powder at
300QC pre-heat and 4 element heads) clad layer.
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5.3. Deposition and Characterisation of PVD Coatings

5.3.1. Coating Deposition

A wide range of coating compositions varying from TiN to TiCN with different CIN
ratios ultimately in TiC, were synthesized using nitrogen andlor methane gas mixtures.

There was a distinct colour change from TiN

(golden~yellow)

to a reddish yellow for

CHt:N, ratios of 0.1 and 0.15; a brown colour for CHt:N, ratios of 0.3 and 0.5; a grey
metanic colour with a bluish tint for C14:N2 ratios ofO.S and 1; and finally, the metallic

grey colour for TiC as shown in Figure 5.25.

TH'I

TiCN(0,1:1)

1';(0.15: l

T iCN(O.5:U) TiCM(O.!!:!) TiCM(U:l)

Figure 5.25. The variation of colour of coatings synthesized using different CH4:N2
partial pressure ratios in the reactive deposition process.
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5.3.2. Surface Roughness and Morphology

The roughness (Ra) of polished stainless steel substrate was increased from 2 to almost
8 nm after deposition of TiN, (Figure 5.26). Also, the surface roughness increased quite
drastically as the ratio of C to N in the coatings was increased with TiC showing the
highest roughness ("" 39 nm). The increase in roughness was found to be principally due
to CH4 gas and increasing the CH4 partial pressure, obtained by increasing mass flow
rate under constant pumping speed, significantly increased the surface roughness.

The surface of TiN coating exhibited a very smooth morphology as shown in Figure
5.27-a. A slight roughening of the surface was noted, attributed to sputter cleaning but
no sign of any deposited particles could be detected. However, as the mass flow rate of
CH4 was increased, fine particles were deposited on the surface as illustrated in Figures
5.27 (b-c) for TiCN(O.8: 1) and TiC coatings, respectively.

The degree of surface coverage by these particles, as quantified by image analysis, is
displayed in Figure 5.28-a, again confirming the effect of methane mass flow rate on
particle formation/deposition. In an attempt to identify the exact source of these
particles, three TiC coatings were deposited using the same deposition parameters as
those of the TiCN but with three

C~

gas flow rates 20, 40 and 60 sccm. The quantity

of the surface coverage by carbon particles was measured by the image analysis and is
given in Figure 5.28-b. There is a one-to-one correspondence between the methane flow
rate and the quantity of particles found on the surface.
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EDS analysis using thin window technique for light element detection indicated very
high carbon content in these particles. The topography of these particles was studied
using an atomic force microscope (AFM) and a typical image is shown in Figure 5.29. It
appears that the particles had a flaky morphology and are embedded into the coating
rather than simply sitting on it. AFM also clearly showed the extent of roughening due
to sputter cleaning carried out prior to deposition to improve adhesion.
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Figure 5.26. The variation in surface roughness for TiN, TiCN and TiC coatings, as a
function of C~:N2 partial pressure ratio.
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Figures 5.27. Surface morphology of: (a) TiN; (b) TiCN(O.8: 1) and (c) TiC coatings.

6.0
5.0
~

~

~

4.0

~

.£
Q
.~

~

Po.

"
~
u

C/)

3.0
2.0
1.0
0.0
0

10

20

30

40

50

60

70

CH., Flow Rate(sccm)
(a)

!l 8

4.0

~

~

3.0

~

TiC

~ 2.0
"""
"'"0

. ~

0

~
OIl

1.0

0.0
10

20

30

40

50
CR, Flow Rate (seem)

60

70

(b)
Figure 5.28. Quantity of the surface particles for: (a) TiN, different TiCN and TiC

coatings; (b) TiC coatings at different C:H4 mass flow rates.

Figure 5.29. AFM image of the surface particles on TiC coating.
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5.3.3. Microstructure and Properties of PVD Coatings

5.3.3.1. XRD and Fracture Surface

The TiN, different TiCN and TiC coatings' crystalline structures were determined by xray diffraction. The XRD spectra of the coatings (carbon content varying from 0 to
100%) showed a highly textured growth morphology with the (111) preferred
orientation (Figure 5.30). Lower intensity double diffraction peaks (222) were also
observed. The diffraction peaks reflected from the substrate could be differentiated by
comparison with the spectrum of the uncoated austenitic stainless steel (Figure 5.31).

The lattice parameter ao of the TiN, TiCN and TiC coatings was calculated from the
(Ill) peaks, and results are plotted in Figure 5.32, showing a linear relationship. The
lattice parameter for TiN and TiC is slightly higher than those cited in the literature
[113] for bulk materials, suggesting either a super-stoichiometric materials (i.e. higher
nitrogen/carbon) concentration and/or a defective structure in a state of high residual
stress.
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Figure 5.30. The XRD spectra of theTW, different TiCN and TiC coatings.
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Figure 5.31. The XRD spectrum of the uncoated austenitic stainless steel.
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Figure 5.32. Changes in the lattice constant of TiN, TiCN and TiC.
Figures 5.33 (a-c) show the fracture surface images of the TiN, TiCN (0.8:1) and TiC
coatings. All coatings display a dense and homogeneous microstructure with a columnar
morphology which is more pronounced for TiC. There is no evidence of resolvable

porosity within the coatings and a thin interfacial Ti layer (approximately

0.2~O,3

J.UI1

thick) separates the coatings from substrates.

(a)
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(b)

(c)

Figures 5.33. Cross-sectional fracture SEM image showing a fine-grained and dense
colunmar structure for all PVD coatings: (a) TiN; (b) TiCN(O.8:1) and (e) TiC.
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5.3.3.2. Thickness

The thickness of all PVD coatings measured by ball cratering is summarised in Table
5.2. It appears that the thickness increases as the

C~

content of the gas increases,

therefore everything else being the same (i.e. beam current, deposition time and
pressure) the TiC has a growth rate almost twice that of TiN.

Table 5.2. The thickness oftheTiN, TiCN and TiC coatings.

TiCN
Coatings

TiN

Thickness(llm)

1.9

(0.1:1)
2.6

TiCN

TiCN

(0.15: 1) (0.3:1) (0.5:1) (0.8:1)

(1:1)

TiCN

2.5

TiCN

2.5

TiCN

2.7

2.7

4.1

TiC

3.5

5.3.3.3. Microhardness

Table 5.3 presents the microhardness of all the PVD coatings obtained by the UMIS2000. The results show an increase in hardness with increasing carbon content in the
coating, going from pure TiN to pure TiC. Similar results have been reported by
Randhawa on the cathodic arc plasma deposited films [23J. It should be stressed that
similar values were obtained for indentation loads of 20 to 50 mN, thus suggesting that
the substrates were not influencing the hardness results and the indentation depths
(typically of the order of 100 nm) were significantly lower than film thickness. In other
words, the indentations were entirely in the layer and substrate effects were negligible.
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Table 5.3. The microhardness results of coatings as a function of CHJNz partial
pressure ratio.

Coatings

TiN

TiCN
(0.1: 1)

Hardness (RV)

2500

2600

TiCN

TiCN

(0.15:1) (0.3: 1) (0.5:1) (0.8:1)

(1:1)

TiCN

2650

TiCN

2800

TiCN

2850

2880

2900

TiC
3000

5.3.3.4. Scratch Adhesion

The critical loads (Cd for all coatings were determined by the Acoustic Emission (AE)
signal and friction force during scratch test. All samples showed very similar low
critical load usually in the range of 12 to 9 N, suggesting comparable cohesive forces
within the coatings irrespective of its composition. The high critical load values, on the
other hand (see Figure 5.34) were decreased as the carbon content in the coatings was
increased.

Examination of the entire length of the scratch tracks with the aid of an optical
microscope revealed differences in the failure modes of different coatings. In the case
of TiN, Figure 5.35(a), very little damage in the form of conformal or lateral cracking
was observed at low loads. As the load increased the coating started to peel off the
substrate. This can be judged by the presence of bare substrate surface appearing as
white patches in Figure 5.35(a). An adhesive failure mode is suggested for TiN. For
TiCN and TiC, conformal and lateral cracking were prevalent even at lower loads,
Figure 5.35 (b-c), indicating a mixed adhesive/cohesive failure for these coatings.
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Figure 5.34. The variation in upper critical loads (UeL) for TiN. TiCN and TiC
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Figure 5.35, Optical microscope images of the scratch tracks for different PVD
coatings: (a) TiN; (b) TiCN(O.5: 1) and (c) TiC. xlOO
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5.3.4. Tribological Properties

5.3.4.1. Coefficient of Friction

The variation of the coefficient of friction with sliding time for TiN, for applied loads of
10, 15 and 25 Newtons is shown in Figures 5.36 (a-c), respectively. At the lowest load
(lON), the friction coefficient exhibited a very low value (:::: 0.02) throughout the test.
In the first 10 seconds of the test, a slightly lower friction coefficient was observed,
suggesting a brief "running-in" period.

However, the steady state and running-in

regimes were very similar, indicating the establishment of a very low friction regime
from the inception of the test to its completion.

At intermediate load of 15 N, there was a distinct" running-in" period where the friction
coefficient started at a very low value and then gradually rose to a "steady state" value
of approximately 0.06 within the first 30 seconds of testing. After this transition period,
a "steady-state" friction/wear regime was established, in which fluctuations up to three
times the average friction coefficient could be observed.

In fact the "steady state' regime showed periodical variation in the friction coefficient,
indicative of a transitory phenomenon, perhaps associated with breakthrough of the
coating. However, since this pattern is repeated for the rest of the test using the term
"steady-state" is not all that meaningless. The average coefficient of friction for most of
the "steady-state" regime was about 0.06 but rose to about 0.08 towards the end of the
test.
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At the highest load (25 N), the "running-in" period was significantly shortened and the
friction coefficient quickly rose to a "steady-state" value almost twice (0.12) that
obtained at intermediate load. However, the "steady-state' friction/wear regime in this
case showed considerably smaller fluctuations, especially in the latter stages of the test.
Indeed, a lower average friction (0.10) with a small fluctuation band was established
towards the end of the test.

The friction behaviour of TiCN coatings at low and intermediate loads (10 and 15 N)
was almost identical to that of TiN at the lowest load, i.e. a very low and stable friction
regime was operating throughout the test, suggesting the load bearing ability of TiCN
was considerably better than TiN.

At the highest load, TiCN coatings, irrespective of their carbon content, displayed a
similar "running-in' period lasting for about 30 seconds in which the friction coefficient
increased to about 0.08 (Figure 5.37). After this peak value, the friction coefficient
steadily decreased until reaching a constant value of 0.04. Only small fluctuations,
tremendously lower compared to TiN, were observed at this load indicating the absence
of any breakthrough into the coating.

TiC coating displayed a very low and steady coefficient of friction at low, intermediate
and high loads, Figure 5.38. No evidence of breakthrough or erratic behaviour was
observed and the average coefficient of friction remained constant (0.025) during the
test.
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The summary of all steady-state values of the coefficient of friction (Il) for different
coating at 10, 15 and 25N loads are presented in Figure 5.39. Generally speaking, at low
load all coatings behaved almost similarly. However, as the load increased the value of
the coefficient of friction increased as the carbon content in the coating decreased and
TiN fared the worst. TiC coating showed the lowest coefficient of friction and was least
sensitive to applied load, exhibiting a coefficient of friction almost a factor of 4 lower
than TiN at the highest load.
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Figure 5.36. Friction trace obtained during ball-on-disc test for the TiN coating at loads
of: (a) 10; (b) 15; (c) 25 N.
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5.3.4.2. Wear of the TiN, TiCN and TiC coatings

The cross section of TiN coating after wear test at ION applied load is shown in Figure
5AO-a. It can be clearly seen that the wear track has not gone beyond the coating

thickness, i.e. during the wear test the rider was at all time in contact with the coating
and not the substrate. Significant piling up of material was noticed on both sides of the
wear track reaching to a height of about 0.8 J..Lm. At intermediate load of 15 N the wear
scars in the middle of track penetrated beyond the coating thickness (Figure 5AO-b).
Also, the pile-up reached a height of approximately 1 J..Lm on the inner side of track.

Significant breakthrough into the coating was observed at the highest load of 25 N,
Figure SAO-c, and some grooves were extended to almost twice the coating thickness.
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Further, the pile-up reached a height of 2 /-Lm, indicating substantial plastic deformation
of the substrate material. The width of the wear track was also twice that obtained at
lower loads. All these observations point to the fact that a severe wear regime was
operating under these conditions.

The wear tracks for TiCN coatings did not go beyond coating thickness at low and
intermediate loads; an example is shown in Figure 5 AI-a. At the highest load, deep
groves were observed (Figure 5Al-b) penetrating into the coating. Further, significant
piling up was seen reaching a height of about 2 /lm.

TiC coating was not undermined even at the highest applied normal load and the wear
track was confined within the coating thickness (Figure 5042), suggesting very high load
bearing ability for the coating. The pile-up was also smaller for this coating.

Figure 5043 shows the cross-sectional areas of the wear tracks at 10, 15 and 25 N for
coatings with different carbon content. At low load (ION), the wear track area gradually
decreased as the carbon content of the coating increased. At the intermediate load, wear
track areas were generally three times those at the higher load exhibited a similar trend
with respect to carbon content. At the highest load, the influence of carbon content
became much more pronounced and the wear for TiC was almost 2.5 times lower than
that of TiN.
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Figure 5.40. Cross-sectional wear track profiles for TiN coating at loads of: (a) 10, (b)
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Figure 5.43. Cross-sectional area of the wear tracks for PVD coatings at different loads.

Optical microscopy examination of the wear tracks of the TiN coatings revealed a very
smooth wear track at intermediate load (Figure 5.44-a). However, the black appearing
grooves in the middle of track suggest breakthrough of the coating and exposure of the
substrate. This is consistent with the observations made on the wear track profile using
pro filo meter. At highest load, severe oxidation wear was observed, judging by the dark
brown layer on the wear track which was still quite smooth (Figure 5.44-b).

The low carbon content TiCN coatings at the highest load, also exhibited signs of
breakthrough (Figure 5.44-c). The higher carbon TiCN and TiC coatings did not show
any indication of breakthrough and a very smooth wear track without any ex-foliated
coating observed, Figure S.44-d.
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Figures 5.44. Optical micrographs of wear tracks for: (a) TiN at a load of 15N; (b) TiN

at a load of 25N; (e) TiCN (0.5: I) at a load of25N; (d) TiC at a load of25N.
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5.4. Duplex Coatings of PVD on WClNi Clad Layer

5.4.1. Surface Morphology

The surface topography of the polished WClNi clad layer before and after with TiN
coating is shown in Figure 5.45. The clad layer shows a uniform distribution of WC
particles in the Ni matrix similar to that observed in cross-sectional image of the clad
layer formed with injected samples (see Figure 5. 19-b). However, some pores of the
order of few to 20 J..Lm in diameter are seen on the polished surface appearing as black
holes, denoted as '1' and '2'. There is also larger (up to 50 J..Lm in diameter) voids
appearing as white features denoted as '3'.

After coating, pores designated as '1'

seemed to have been covered by the TiN coating but some of pores '2' and all of the
type '3' voids were by and large uncovered.

Closer examination of different pores established that pore '1' were generally located
within the WC particles and pores '2' exhibited a spherical morphology. The irregularly
shaped voids '3' appeared to be the remnants of WC particles which were plucked out
of the clad layer during grinding and polishing of the surface; a high magnification
micrograph of a typical void '3' is shown in Figure 5.46. It is surmised that dislodgment
of the particles may have been accompanied by some fragmentation which resulted in
some fragments, remaining on the surface giving rise to enhanced secondary electron
emission, hence, the white halo around them in the SEM image.

SEM observations of the surface of the duplex coating confirmed that the TiN coating
has been uniformly deposited on the clad layer and no WC particles could be discerned.
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It should be pointed out that during sputter cleaning with high energy ions. it is not

unexpected to remove more of the matrix material than carbides, because of low
sputtering yield of carbides. The non-uniform erosion usually results in carbides to
stand proud of the surface and consequently highlighted in the SEM image. It appears,
however, that the level of sputtering in this work was optimized and carbides were not
delineated. In contrast to carbides. the pores were delineated in the SEM image, as
indicated with a white halo. The PVD coatings generally cannot cover over pores
because of shadowing effect.

Surface roughness of the polished WC/Ni clad layer and the duplex coatings was
measured and the results are presented in Figure 5.47. The polished WC/Ni clad layer
displayed the highest surface roughness approaching a value of 98 nm. For all the
duplex coatings. the surface roughness was almost the same varying between 75 to 81
nm. These values are much higher than those obtained on stainless steel samples (see
Figure 5.26), confrrming the predominant influence of clad layer on the roughness.
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Figure 5.45. SEM micrograph of the plan view of: (a) polished WClNi clad layer; (b)

duplex TiN on laser clad WC/Ni layer.

Figure 5.46. SEM image showing surface morphology of the type '3' void at high

magnification.
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Figure 5.47. Surface roughness of the polished WClNi clad layer and the duplex
coatings.

5.4.2. Thickness and Microhardness

The coating's thickness and microhardness, listed in Table 5.4, are very similar to those
deposited on the stainless steel substrate, indicating excellent reproducibility of the
coating procedure.

Table 5.4. The thickness and microhardness ofPVD coatings deposited on clad layer.
Coatings

TiN

TiCN (0.15: 1)

TiCN(0.8:1)

TiC

Thickness (JIm)

1.93

2.52

2.85

3.2

Hardness (Hv)

2600

2680

2900

3200
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5.4.3. Adhesion

The adhesive critical loads for PVD coated WClNi clad layers are summarised in Table
5.5. All duplex coatings showed a decrease in critical loads (both lower and upper ones)
with increasing carbon content (Figure 5.48). The TiN and TiCN duplex coatings
displayed a higher lower critical load (LCL) level compare to coatings deposited on
stainless steel substrate. However, TiC duplex coating has a lower LCL compared to the
TiC deposited on stainless steel. Figure 5.49 shows the scratch adhesion test track for
TiN duplex coating.

Optical microscopy observations established that the failure mechanism of the scratched
track of the TiN and TiCN(0.15:1) duplex coatings was due to conformal cracking and
the coating failed by popping off from the surface of WClNi clad layer (Figure 5.50-a).
The TiCN (0.8: 1) and TiC coatings failed due to the tensile stress. This can be judged
by the fact that the coating under the stylus was not peeled off or popped off and only
the chipped off failure mode could be seen on both sides of the track (Figure 5.50-b).

Table 5.5. Critical loads determined in adhesion tests for different duplex coatings.
Coatings

TiN

TiCN(O.15:1)

TiCN(O.8:1)

TiC

Low Critical Load (N)

26

18

15

12

Upper Critical Load (N)

58

38

32

20
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5.4.4. Trihological Behaviour

The wear testing for the duplex coatings was performed using pin-on-disc configuration
and the results of the friction coefficient are shown in Figure 5.51. The coefficients of
friction for the duplex coatings decreased from TiN to TiCN, with the lowest being for
TiC when the coatings were tested under the same applied loads of 25 and 40 N. At a
load of 40 N, the TiN coating displayed a higher friction force (J..l
either TiCN or TiC coatings.

= 0.32) compared to

TiCN and TiC coatings, irrespective of their carbon

contents, showed similar friction force values of J..l =0.08-0.12.

It should be emphasized that all the coatings withstood the applied load and no sign of

breakthrough was observed on any of them even at the highest applied load of 40 N.
This clearly indicates the effectiveness of clad layer in increasing the load bearing
ability of thin PVD coatings by providing a strong substrate, thus, eliminating the
possibility of any subsurface deformation or case crushing.
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Figure 5.51. The variation in coefficient of friction for the duplex coatings compared to
WC/Ni clad layer.
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The cross sectional profile of TiN duplex coating wear track after wear testing at 25 N
applied load is shown in Figure 5.52-a. It can be clearly seen that the wear track has not
gone beyond the coating thickness and also no piling up of material was observed on
either sides of it. At higher load (40 N), although the wear track extended deeper into
the coating, but it still remained within the TiN coating and no sign of breakthrough or
pile-up was observed (Figure 5.52-b). The width of the wear track also increased
compared to that obtained at the low load.

The wear tracks for TiCN and TiC coatings also displayed very similar behaviour to
that of the TiN coating, albeit with a smoother appearance. A typical wear profile is
shown in Figure 5.53.
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Figure 5.52. Wear profile for TiN on WClNi clad layer at loads of: (a) 25; (b) 40 N.
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The average cross-sectional area of wear tracks for duplex coatings and WClNi clad
layer is plotted in Figure 5.54. The same trend as that observed with friction force can
be seen in this plot, indicating that the wear resistance of the duplex coatings also
increased with increasing carbon content.
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Figure 5.54. Cross-sectional wear track of the duplex coatings.

Optical microscopy observation established that the wear track of the TiN and TiCN
duplex coating at a load of 25 N were smooth with only a small groove in the track, as
shown in Figure 5.55 (a-b). The width of the wear track for the TiCN duplex coating
appeared to be narrower than that of the TiN duplex coating, indicating a better wear
resistance. At high load (40 N), though the wear track had significantly widened but no
sign of any breakthrough could be discerned (Figure S.55-c).
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Figure 5.55. Optical micrographs of the wear track of duplex coatings: (a) TiN at a load
of25 N; (b) TiN at a load of 40 N and (e) TiCN(0.8: l) at a load of 40N.

CHAPTER 6

DISCUSSION

6.1. Laser Cladding with Pre-placed Powder

The results of the parameters optimisation experiments involving the laser cladding
with pre-placed powder were presented in section 5.1. The laser scanning parameters
used to produce metallurgically sound WCINi clad layers were established in a
systematic investigation. In the following sections the influence of the most pertinent
process parameters on the characteristics of the clad layer, such as dilution, porosity and
microstructure, are discussed.

6.1.1. Porosity and Cracks

The level of porosity in the clad layer was greatly affected by the WC content in the
mixed powder. Under the same operating conditions (i.e. 10 J/pulse energy), the level
of porosity in the clad layer decreased as the WC content increased (see Figure 5.2).
The porosity in the clad layer is believed to be gas porosity due to formation and
entrapment of carbon dioxide gas [114]. Carbon is present as an impurity in nickel
powder (see section 4.1.1.) and as both carbon and oxygen have high solubility in the
melt, they become bound as carbon dioxide which is trapped in the clad layer because
of the short life time of the melt pool. With increasing WC powder content in the mixed
powder, the amount of carbon potentially available to form carbon dioxide is reduced,
resulting in little or no gas porosity.

There also exists a definite relationship between the laser pulse energy and the level of
shrinkage porosity in the clad layer. For a given powder composition, the laser pulse
energy is the most important parameter in the formation of clad layer. It was shown
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(Figure 5.3) that at laser pulse energy of 6 J/pulse, the coating was discontinuous with
large pores but

we particles retained their original shape. This is due to insufficient

energy in the beam for complete melting of the binder phase, resulting in partial melting
and formation of large voids (shrinkage porosity) as a result of unavailability of molten
material to compensate for volume change of already solidified portion of clad layer.

As the pulse energy is increased to intermediate levels of 10 and 20 J/pulse the thermal
energy propagates further into the powder, melting and fusing it with the substrate,
resulting in a much denser layer. The lifetime of the molten pool was also sufficient to
allow the feeding of shrinkage porosity and the escape of gas porosity.

At the highest laser pulse energy (30 J) complete melting of all Ni matrix occurred, and
the long melting pool duration, facilitated and encouraged the feeding of shrinkage
porosity and escape of carbon dioxide gas in the clad layer. However, excessive
exposure at elevated temperature led to severe interaction between the constituents of
the clad layer and resulted in fragmentation of carbides and precipitation of large
quantity of intermetallic phases, rendering it brittle. The thermal mismatch between the
clad layer and substrate, subsequently induced large stresses in the layer and resulted in
severe cracking, as seen in Figure 5.4(a).

The optimum laser pulse energy, appears to be in the intermediate level of 20 J/pulse
where complete elimination of shrinkage porosity takes place, without any sign of
cracking. Further, the gas porosity is by and large removed, except for some extremely
fine pores trapped in the upper part of the layer.
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6.1.2. Dilution

One of the key factors determining the performance of a clad layer is the degree of
dilution by the substrate material. The dilution changes the mechanical, physical and
chemical properties of the clad layer. A low dilution clad layer has the properties of the
pure powder alloy itself while a high dilution clad layer has properties similar to those
of the substrate. Therefore, the purpose of the clad layer is to form a shielding layer to
the substrate with superior properties unattainable in either the powder material or the
substrate. In this context, it is quite important to gain an insight into the underlying
reason( s) for the dilution of clad layers with a view to optimise it.

Figure 5.5 clearly indicates that for fixed powder layer thickness the dilution is mainly
dependent on Ni powder concentration and two other parameters, namely: laser pulse
energy and laser beam profile (focal position). The dependence on Ni powder
concentration can be explained by the specific properties of powder. The melting
(decomposition) point of the

we

is far greater than that of Ni powder (see section

4.1.1). Hence, for a given laser scanning parameters, the higher the Ni concentration in
the mixed powder, the higher will be the quantity of molten material. This, in turn,
results in more interactions at the interface with the substrate and consequently high
dilution of the resultant clad layer.

The laser pulse energy was also found to be a critical factor in determining the extent of
consolidation and dilution of the clad layers. At low energies (6 and 10 J/pulse) there is
insufficient energy input to achieve complete melting, judging by large pores in the clad
layer and the almost complete absent heat affected zone at the interface. At higher
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energy full densification of clad layer is only attained at the expense of higher dilution.
Therefore, there has to be a trade-off between the dilution and porosity in the clad layer
in order to ensure the formation of a clad layer with adequate adhesion (some dilution)
and acceptable porosity.

The laser beam profile also has a significant effect on dilution of the laser clad layer.
The beam profile changes as the laser beam focal position changes. Figure 6.1 shows
the laser beam focal position at 4 mm and 6 mm below the powder surface. It can be
seen that the longer focal position gives a larger beam diameter, hence a lower power
density on the powder surface. The lower power density on the powder, in turn, reduces
the melt pool temperature and would inevitably lead to insufficient melting of powders.
Similar effect has been reported by Brandt et. aI., [115] who utilised a pulsed Nd:YAG
with optical fibres for laser cladding of pre-placed Hastelloy C powder on mild steel. It
was reported that increasing focal position resulted in lower laser energy density.
Therefore, the lower energy per unit area* resulted in partial melting of the powder and
less melting of the substrate and lower dilution in the clad layer.

It should be emphasised that the adhesion of clad layer is inextricably linked to dilution

and, unfortunately, no dilution also means no adhesion. According to this rationale, the
dilution level should be held at a low but appropriate level. If the cladding material is a
specific alloy with properties to suit a certain application and has a base element

*The energy per unit area is calculated by multiplying the energy per pulse by the number of pulses
incident on that area of sample. This figure is then divided by the area to give the energy per unit area
averaged over the sample.
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different from that of the substrate, then dilution must be kept to a level typically less
than 5%, otherwise properties such as wear and corrosion resistance will be degraded.

In this work, the optimised process parameters to achieve this objective were
established to be: (i) laser pulse energies of either 20 or 30J, eii) powder mixture with at
least 70 wt. % we content and (iii) a laser beam profile with a focal position of -6 mm
and overlap of X=0.2 and Y=0.3 mm.

Powder surface
4mm

6mm

Figure 6.1. Schematic diagram of the laser beam profile diameters at different laser spot
focal positions on the pre-placed powder surface.

6.1.3. Microstructure and Phase Constituents of the Clad Layers

XRD examination of the initial crushed powder and clad layers obtained with preplaced powder established that, (i) the starting powder comprised pure

we and Ni,

(ii)

clad layer consisted of we and other sub-stoichiometric carbide phases such as W 2C,
(iii) the binder in the clad layer was a Ni-Cr-Fe alloy and (iv) no intermetallic phases

were formed in the binder phase.
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The crushed

we powder is formed by crushing coarse WC particles solidified from a

melt under controlled atmosphere. Therefore, it is not too surprising that no other
phases are present since at no stage during production, there has been any possibility for
reaction between WC and any oxidising/decarburising atmosphere. During laser
melting, however, the elevated temperature causes some interaction between the WC
and air in spite of the argon shrouding gas. The oxidising/decarburising reactions lead
to the loss of carbon from some WC particles and formation of sub-stoichiometric
carbides with the compositions of, W2C and WC 1-X (see Figure 5.7).

According to Nerz et aI., [116], depending on time and temperature, tungsten carbide
initially decarburises to form W2C and eventually free carbon and tungsten according to
following reactions:

Therefore, it can be readily concluded that any laser process parameters which increases
melt pool lifetime andlor temperature (e.g. laser pulse energy, beam profile, etc.) would
lead to greater decomposition of WC particles and increased proportion of sub-carbides.

The presence of alloy phases of NiFe and NiCrFe in the matrix of clad layer is
indicative of dilution, brought about by melting and interaction between the clad layer
and substrate. The diffusion of Fe and Cr from the substrate enriches the binder phase,
forming an alloy. Moreover, exposure at high temperature results in some interdiffusion into the carbides, presumably of Ni andlor Fe to expand its lattice. This, in
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turn, shifts the carbide peaks to lower Bragg angles. It is known that Ni and Fe have
some solubility in we [40]. Indeed, the very reason that only Fe, Ni and eo can be
used for liquid phase sintering of we is that all these elements wet the surface because
they have a limited solubility in it.

Finally, the absence of any intermetallic phases in the binder phase can be explained
with reference to the absence of these phases in the starting materials and not too
aggressive conditions prevailing during the laser cladding.

6.1.4. Microhardness

The micro hardness of clad layers was found to be dependent on laser increment and
powder composition as shown in Figure 5.S. The surface hardness increases with
increasing we particle content in the clad layer. Under similar laser conditions, the
surface hardness increases with increasing we content. These trends can be explained
by the fact that increasing we content in the clad layer results in larger volume fraction
of hard phase embedded in the matrix by fusion and/or dissolution processes.

The reduction in the hardness with increasing laser spot increment is attributed to the
difference in the laser energy per unit area available for the formation of the clad layer.
The small laser spot increment gives higher laser energy per unit area than the lager
one. Thus, more melting and/or dissolution occurred to form a homogenous clad layer
with higher amount of fine we particles surrounded by the binder alloy, so as to
enhance the surface hardness compared to the clad layer formed with large increment
(less fine we particles distributed in the matrix, c.f. Figures 5A-a and SA-c).
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The cross-sectional micro hardness profile of different WC/Ni clad layers generally
displayed three distinct regions in the curves corresponding to the cladding layer, HAZ
and substrate (Figure 5.9). The profiles represent the average hardness values of the
matrix only, as a function of the distance from the surface of the layer to the substrate.
Average hardness of the matrix increases with increasing laser pulse energy. The profile
on graph Bl (6J/pulse) has a large variation of peak values but the B4 (3OJ/pulse)
displays a constant value. It may be argued that the increase in matrix hardness is
caused by the partial melting and/or the dissolution of the carbides and the distribution
of these dissolved particles in the matrix. Also, it is not entirely inconceivable that the
mechanical breaking up of large

we particles into smaller particles at high pulse

energies may have contributed to the observed increase in micro hardness.

6.2. Laser Cladding with Injected Powder

As mentioned previously, laser cladding with injected powder was carried out in two
stages: firstly, the most pertinent laser parameters, i.e. pulse energy and substrate
preheat were optimised for crushed and spherical WC (70% )/Ni powders to give a
dense and crack-free layer. Secondly, the influence of powder morphology (crushed vs.
spherical) on the microstructure, hardness and tribological behaviour of clad layers was
investigated. In the following sections, the most general and relevant points have been
discussed.
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6.2.1. Optimisation of Laser Pulse Energy

The clad layers produced with injected powder at low laser pulse energy contained a
significant amount of shrinkage porosity similar to that observed with pre-placed
powder samples. At the lowest pulse energy (12.5 J), there was insufficient heat input to
completely melt the binder phase. Hence, the solidified regions could not be adequately
fed to compensate for shrinkage and large voids and a discontinuous clad layer was
formed. The lower melt temperature also resulted in lower fluidity for the molten metal,
exacerbating the feeding problem.

As the pulse energy was increased to 20 J, a metallurgically sound clad layer was
achieved without any shrinkage porosity. However, uneven distribution of we particles
(mainly segregated to the upper part of layer) and numerous gas porosity were apparent
in the clad layer. The origin of this inverse segregation can be attributed to the rapid
solidification of the melt. In other words, the energy input was sufficient to completely
melt the binder phase and raised its temperature to achieve good fluidity and all
shrinkage cavities were filled. The duration of the weld pool was also long enough to
allow significant amount of degassing of e02 gas formed between the dissolved oxygen
and carbon [117]. Under the violent and vigorous evolution of gas throughout the
molten pool, it is not implausible to assume that we particles were buoyant and did not
sink to the bottom of the melt pool. It should be pointed out that the density of we is
almost twice that of the Ni binder and under normal circumstances, one expects to find
gravity segregation of we towards the lower part of the coating.
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Inverse segregation of

we particles and gas porosity were totally eliminated by

increasing the pulse energy to 22.5 and 25 J, (Figure 5.10 c-d) and a very homogenous
and dense clad layer was formed. This can be explained by the fact that a longer melt
pool duration than for the 20 J/pulse case, allowing complete degassing of e02 and
gravity segregation of we particles.

The high heat input and rapid elevation of the temperature, however, induced severe
thermal shock to crushed

we particles, shattering them into smaller pieces. This

fragmentation was facilitated by the presence of small pores in the as-received

we

particles, which provided a weak link between different grains. The carbides observed
in the clad layer did not show any of small pores.

6.2.2. Effect of Traverse Speed and Injected Powder Mass Flow Rate

Traverse (processing) speed is an important parameter affecting the thickness and
integrity of the clad layer. In order to investigate this dependence a series of
experiments was conducted at different traverse speeds and various powder mass flow
rates. The clad layer thickness decreased from about 1.2 mm at 5 mm/s to 0.3 mm at 20

mmls. The low processing speeds resulted in a thick clad layer, but the quality of the
layer was poor (in terms of porosity and cracks). This is attributed to the high powder
per unit length ratio at those speeds and insufficient energy in the laser pulse to melt
and fuse the powder with the substrate. On the other hand, the high processing speeds
produced thinner clad layers, but with higher dilution with the substrate.
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6~2.3.

The Effect of Substrate Preheat

Cracks were observed on the surface of clad layers produced with spherical and crushed
WC particles, as was the case for pre-placed clad layers. However, pre-heating the
substrate to 300°C completely eliminated cracks for both the crushed and spherical
injected WC particle (see for example Figure 5.14). This is attributed to the lowering of
the thermal mismatch between the clad layer and substrate at higher substrate
temperatures. This leads to lower thermal stress which, in turn, reduces the propensity
for cracking. It should be noted that clad layers are formed at very high temperatures
and there are inherent defects throughout the layer resulting from extrinsic (shrinkage
and gas porosity) and intrinsic (brittle phase precipitation) microstructural defects.
Therefore, it is not too surprising that pre-heating has such a pronounced impact on the
cracking by reducing the thermal stresses and lowering solidification and cooling rate.

6.2.4. Effect of Different W C Type on the Clad Layer Microstructure

Although both spherical and crushed WC particles were evenly distributed in the binder
phase (see Figures 5.16 and 5.19), the volume fraction ofWC particles remaining in the
clad layer (ie. undissolved particles) was significantly higher for the crushed powder
(cf. 70-80% and 35-50%, in Table 5.1). This is due to the difference in the make up of
the powder as a result of different manufacturing routes.

Spherical powder is produced by eutectic melting of tungsten and carbon to form melt
carbide. There are three W-C eutectic reactions in this system and tungsten carbide
could be present in three intermediate phases, namely: W2C, a-WCI-X and WC with
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W2C undergoing polymorphic transformation. The mono-carbide (WC) is formed
peritectic ally at 2270° C and 6.13 wt% (SOwt.%) carbon and has a narrow homogeneity
range [40], which also decreases with temperature. All these phases were detected in
the as-received spherical WC particle, as shown in the XRD spectrum presented in
Figure S.18 (a).

When producing fused tungsten carbide, a eutectic melt of about 4.S wt % carbon is
rapidly cooled by spraying, yielding a spherical powder morphology containing mixture
of WC and W2C, At carbon contents above this value graphite precipitates and
significantly reduces hardness and wear resistance. Carbon content below 3.8 wt %
generally yields high quantities of brittle W2C, rendering the material inappropriate for
wear applications [40].

W2C is also less chemically stable compared to mono-carbide (WC) and can interact
with the nickel binder phase [118] to form intermetallic phases, as detected in this work.
The dissolution of W2C in the binder phase substantially reduces the amount of hard
particles in the clad layer. On the other hand, the crushed WC particle is produced by
carburisation of elemental tungsten powder. There is no melting involved and no
intermediary eutectic sub-carbides are formed. The powder essentially consists of pure
mono-carbide (see XRD in Figure S.6) which has high resistance to dissolution by the
nickel binder phase. Consequently, large volume fractions of undissolved WC particles
remain in the structure.
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The dissolution of sub-carbides in the binder phase was unequivocally established by
the XRD obtained from the binder phase. In the case of spherical powder, in addition to
CrFeNi alloy, an intermetallic NizW4C phase was detected (Figure 5.l8-b). The latter
has a typical M6C composition usually referred to as 11 phase that forms as a direct
result of interaction between nickel and sub-carbides, especially at higher processing
temperature. The 11 phase subsequently precipitated as fine lamellar as evidenced in the
SEM images presented in Figure 5.17.

In stark contrast, no evidence of any intermetallic 11 phase was found in the binder
phase of clad layers produced with crushed particles, confirming lack of any noticeable
interaction/dissolution between carbides and the binder (see XRD spectra and SEM
image presented in Figures 5.18 a-b and Figure 5.19, respectively). Indeed, all peaks
from the XRD spectra of the as-received crushed WC powder were faithfully
reproduced in the XRD spectra of the clad layer, albeit slightly shifted to lower Bragg
angles.

This shifting of peaks depended on the substrate pre-heat temperature; the higher the
pre-heat temperature, the smaller the shifting. The temperature dependency, suggests a
solubility effect, i.e. some nickel was dissolved in the WC and increased the lattice
parameter and shifted the diffraction peaks to lower Bragg angles.

Another interesting feature of the XRD spectra of the clad layer is the absence of Ni
(111) peak whilst a pronounced one was detected from the starting powder. A possible
explanation is the formation of alloy phases of NiFe and NiCrFe in the matrix, brought
about by excessive melting and rapid solidification experienced during the laser
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cladding process. It is surmised that solidification of matrix phase might have
developed highly textured structure with almost no grains oriented with a (111) plane
parallel to the surface.

6.2.5. Microhardness and Abrasive Wear Resistance

All clad layers displayed significant improvement in hardness compared to substrate
material. Further, the clad layers produced by crushed powder exhibited slightly higher
and a more consistent hardness compared to layers formed by spherical powders. The
hardness of clad layers formed by spherical powder also showed greater dependency on
other processing parameters. The wear resistance of clad layers formed by crushed
powder was almost twice that of those obtained by spherical powder which itself was
about four times higher than the substrate.

Before proceeding to discuss all the above-mentioned differences, it is worthwhile to
emphasise that in general, abrasive wear resistance is not an intrinsic property of
materials but it depends on the tribological system [119]. However, under identical test
conditions, the hardness ratio of the abrasive to that of the surface being worn has a
great effect on the level of the abrasive wear loss [120].

When dealing with composite materials such as WC-Ni clad layers, one needs to
consider the hardness ratio of the abrasive with respect to the binder and the particulate
phase individually. According to Richardson [121], abrasives of equal hardness or less
to that of the worn surface are considered as "soft abrasives" whereas abrasives harder
than the worn surface are regarded as "hard abrasives".

In this work quartz sand
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abrasives with a hardness of 900-1000 Hv were used against WC-Ni. Clad layers.
Therefore, the sand particle will be acting as a "hard abrasive" against the matrix (nickel
binder phase with a hardness of 200 Hv) and as a "soft abrasive" against the WC
particles (hardness of approximately 2500Hv) in the clad layers. Thus it is expected that
the overall wear of the composite will be predominantly controlled through the wear of
the binder phase.

Indeed, it was observed that the main wear mechanism operating on the clad layers was
micro-cutting of the binder phase. The larger quantity of binder phase for the clad layer
formed by spherical powder resulted in significant micro-cutting of the binder phase and
eventual dislodgement of WC particles (Figure 5.23-b). In sharp contrast, the
interlocked network of large quantity of WC particles in the case of clad layers formed
with crushed particles left very small area of binder phase exposed to the abrasive action
of sand particles.

The improved wear resistance of the laser clad WClNi is principally due to the presence
of WC particles which enhance the bulk hardness and reduce micro-cutting. During the
wear process, the abrasive particles start to erode the softer matrix and then collide with
the hard WC particles. The hard phase prevents the abrasive particles from microcutting the surface by smashing and breaking them up and causing them to lose their
cutting function. As a result, the degree of the micro-cutting is greatly limited.

Other researchers have observed similar wear mechanism for the abrasive wear of laser
clad WClNi layer. For instance Wang [41], has identified three mechanisms: (1) microcutting, (2) plastic deformation due to the ploughing action and (3) fracture of hard
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phase debris in the matrix materials. However, it was mentioned that micro-cutting is
the dominant mechanism, ultimately controlling the wear of the system.
Abrasive Particle

Matrix

Figure 6.2. Schematic diagram of micro-cutting in composite materials [122].

From the above considerations, it is obvious that enhanced abrasive wear resistance in
this system can only be achieved by increasing the volume fraction of we particles in
the layer. As discussed previously, the volume fraction of we in binder phase is
affected by many factors but the most important one is the type of starting powder.
elad layers formed with spherical we powder, possessed low content of we because
of dissolution by the binder. Thus, their wear rates were higher than those formed with
crushed we powder. Large volume fraction of we particles (Figure 5.24) provided
greater resistance to the micro-cutting wear mechanism and the erosion of the matrix.

The benefits from interlocked structure of we particles could be explained by referring
to the model developed by Merrick et al [122]. According to this model, the surface
materials are torn off by the abrasives whose penetrating depth in the surface is much
larger than the size of the hard-phase grains. Figure 6.2 gives an illustration for such a
mechanism. The formation of interlocked we structure increases the effective size of
the hard-phase structure and prevent the clad layer material from being torn off the

169

surface.

Additionally, the interlocked hard-phase structure is an important factor for the
improvement of the abrasive wear resistance because it changes the load carrying
capacity of the composite structure. In a typical abrasive wear situation, the load is
mostly applied to the abrasive particles because of the deformation of soft surface
materials, which forces the abrasives to penetrate deeply into the surface causing microcutting. With the hard phase structure in the clad layer, it forms a load support system
which greatly reduces the stress on the abrasives and limits the micro-cutting process. It,
therefore, follows that the more uniform the WC particle distribution is in the clad layer,
especially the formation of interlocked structure, the better the wear resistance.
Consequently, the wear resistance of WCINi clad layers may be increased through the
selection of particle shape and laser processing parameters to maximise the volume
fractions of non-fused carbide particles in the clad layer.

Finally, it should be pointed out that embrittling effect of 11 (eta) phase precipitation in
the matrix of the clad layers formed by spherical powders might have deteriorated the
ability of the ductile matrix to relieve the stresses, thus reducing the overall load
bearing capacity of the clad layer. The lack of ductility in the matrix may have led to
the formation of cracks which facilitated the dislodgement of we particles.

170

6.3. PVD Coatings

6.3.1. Surface Roughness and Morphology

Generally, TiN, TiCN and TiC coatings deposited by the FADS exhibited a smooth
surface. However, when the CH4 gas flow rate was increased the film topography and
morphology deteriorated as a consequence of the formation of fine particles. In the case
of the CH4 gas flow rate below 10 sccm, the coating surface displayed a very smooth
morphology devoid of any particles. As the CH4 gas flow rate was increased to 15 sccm
and over, the fine particles became visible and their number increased linearly with
increasing CH4 flow rate. This dependence was proved by depositing TiC coatings at
different flow rates and similar results, i.e. increased surface coverage by particles at
increasing flow rate, were obtained (Figure 5.28-b). Further, EDS analysis indicated
that fine particles were high in carbon content. The origin of these particles can be
explained by thermodynamic and ionisation considerations in the plasma deposition
processes.

Let us consider the reactions involved in the synthesis of carbides and nitrides in
reactive deposition process, in particular, the prevailing conditions in a filtered arc
deposition process. Given below is the reaction for forming TiN:

Ti+ denotes singly charged titanium ions and N2+1* refers to ionised or excited nitrogen
molecules. In the filtered arc deposition only charged titanium ions can be transported
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to the substrate through magnetised plasma duct. Though there are numerous reports
[24,251 regarding the production of higher charged titanium ions in the arc spot area on
the cathode, there is no mention of transport of these through the duct. Indeed, work
carried out in the author's laboratory using plasma emission spectroscopy has
established the presence of singly charged titanium ions only in the vicinity of
substrate, i.e. at the exit of plasma duct. Spectroscopy results also indicate primarily the
existence of excited molecular nitrogen and only a small fraction of singly charged
molecular nitrogen.

From the above, it follows that the formation of titanium nitride film occurs on the
surface of substrate by the adsorption of titanium ions and molecular nitrogen. The
excess energy of the adatom, especially titanium, significantly increases the mobility on
the surface and subsequent collision with nitrogen atoms results in the formation of
TiN.

The deposition of TiCN coating is very similar to the above process with the exception
that in addition to nitrogen, methane gas (CH4) is used as a source of carbon atoms.
This coating can be envisioned as a replacement of N atoms in TiN by C atoms. This is
because both TiN and TiC are isostructural, that is they possess the same NaCI crystal
structure and are stable over. a broad composition range. Also, C and N have similar
atomic radii (0.77 and 0.71 A, respectively) and can be replaced by each other in the
crystal structure [123]. The composition of the coatings is strongly dependent on the
CH4 :N2 mass flow ratio and on the total pressure during deposition (Table 4.7).
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It should be pointed out that although partial pressure ultimately indicates the number

of a particular species in the atmosphere, under the fixed pumping speed operation, the
mass flow rate ratio of the reactive gases directly control the partial pressures. In this
work the two terms are used interchangeably.

During filtered arc deposition of titanium carbo-nitrides, the excitation and dissociation
of both nitrogen and methane by ion/electron impact processes take place within the
plasma to different extent [124,125]. The average ionisation energy (Wei) for N2 and
CH4 are 36 and 29 eV, respectively [126]. Thus, the carbon atoms in CH4 are more
easily ionised in the plasma discharge than nitrogen. The excess carbon forming in the
plasma will deposit on all surfaces, including the substrate, exposed to plasma. Indeed,
during deposition of TiC copious quantity of soot was found on the chamber wall.

The carbon atoms condensing on the substrate can coalesce to form carbonaecious
particles or soot (hereafter referred to as amorphous carbon). Similar results have been
reported by Doshpandey et. aI., [127] who studied the synthesis of the TiC films, by
evaporating Ti using an electron beam source in a plasma of CxHy gases. It was
reported [127] that polymerisation reactions producing higher molecular weight
hydrocarbon species are dominant in the case of methane, and polymerisation increases
with increasing flow rate of CH4 for a given electron beam current.

It, therefore, appears that formation of soot or amorphous carbon particles is an integral
part of the reactions leading to the synthesis of TiC from hydrocarbon gases,
irrespective of the plasma forming source. Furthermore, it seems that the only way to
reduce the extent of soot formation is to operate at low partial pressure of methane.
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At low CH4 partial pressure, all the carbon ions produced in the plasma are consumed in
the coating by reacting with Ti, and there is no possibility of soot formation, at least in
the vicinity of the substrate. As the CH4 partial pressure is increased, the likelihood of
condensation of the carbon to form amorphous carbon during the formation of high CIN
ratio TiCN and TiC coatings is increased resulting in the deterioration of surface finish.

6.3.2. Microstructure of Coatings

The XRD spectra revealed a strong (111) preferred orientation in all coatings regardless
of the CIN ratio (Figures 5.30-5.32). Filtered arc deposition is a high energy process
and evaporated titanium ions are believed to have energies between 50 to 100 ev [128].
In addition to this intrinsic energy of titanium ions, the substrates were negatively
biased to -100 volts during all depositions with the effect of increasing ion energies
even further. It is well known [129] that TiNrriC film formation under high ion energy
bombardment favours the growth of densely packed atomic planes such as (111) and
this is consistent with the observations in this work.

The variation in the lattice constant values for coatings with different CIN ratio
obtained by varying the partial pressure of CH4 in the reactive atmosphere (Figure 5.32)
is linear and conforms to Vegard's law [130]. As mentioned previously, TiN and TiC
are isostructural and exhibit 100% solid solubility and lattice constant takes a value
between those for titanium nitride and titanium carbide [131], depending on CIN ratio
in the coating.
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Scanning electron microscope (SEM) observations indicated that TiN, TiCN and TiC
coatings had a dense and columnar microstructure. The columnar structure was grown
with the main axis perpendicular to the interface (Figure 5.33). The cross-sectional
fractured surface also showed that there is a sub-layer between the substrate and
coating. The thickness of this sub-layer is approximately 200-300 nm with a
composition of predominantly titanium, as determined by EDS.

The sub-layer is an interfacial titanium film between the coating and substrate
deliberately deposited to improve the adhesion. After sputter cleaning of the substrate
with titanium ions the high negative bias voltage was decreased to -lOOV to increase
the net deposition rate by reducing sputtering. Under this condition an interfacial
titanium film forms and act as a transition layer between the ceramic layer and the
metallic substrate. The nature and type of the interfacial region is important for the
adhesion and the functionality of the film-substrate couple. The improvements in
adhesion may result from two factors: (1) dissolution of weak oxide layers at the
surface of the substrate; a chemical gettering effect, and (2) the provision of a compliant
layer which reduces shear stresses across the coating/substrate interface (a mechanical
effect) [132].

6.3.3. Scratch Adhesion

The response of all PVD coatings investigated in this work to scratch adhesion tests
could be generally classified into three distinct regions. In the first region, the rider
(diamond stylus) moves essentially on top of the coating and the low and superficial
stresses can only cause mild plastic deformation of the coating and no cracks could be
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detected on the surface. The acoustic emission and the coefficient of friction are low
essentially because very little energy is being expended.

The second region is a transition region whereby the rider penetrates into the coating,
and depending on the properties of the coating can either cause further plastic
deformation or transverse cracking in the coating. The coefficient of friction increases
rapidly owing to large plastic deformation (ploughing) of the substrate or fracture
energy absorbed in the cracking of the coating. The accoustic emission also increases
markedly, especially if extensive cracking takes place. In the third region, the coating
has been completely removed by adhesive or cohesive failures and the rider comes into
contact with the substrate and the coefficient of friction now reflects the contact
between the rider and substrate.

TiN demonstrated the highest critical load for adhesion whereas TiC exhibited the
lowest with different TiCN coatings somewhere in between (Figure 5.34). Further, the
failure mode of TiN and low carbon content TiCN coatings was identified as conformal
cracking, i.e. cohesive failure, whereas those for TiC and high carbon content TiCN
coatings were tensile cracking denoting brittle cohesive failure, following the
classification according to Burnett et. aI., [133].

For TiN and the lower carbon content TiCN coatings, the scratch track demonstrated a
very smooth surface formed by plastic deformation until the coating was removed from
the substrate at the critical load (Figure 5.35-a). This seems to indicate that the coating
failures at the critical load occurred through adhesive failures. As the carbon/nitrogen
ratio in the coating increased to 0.5:1 and over, the scratch track demonstrated a semi-
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circular crack pattern lying parallel to the trailing edge of the rider (Figures 5.35-b,c).
These cracks formed as a result of the tensile frictional stresses behind the trailing edge
of the rider and are indicative of a brittle cohesive failure.
These different behaviours can be explained with reference to the coating hardness,
thickness and roughness. As the carbon content in the coating increases the resultant
TiCN coating becomes harder, hence, more brittle. Also, as the methane gas in the
reactive gas mixture increases the growth rate of the coating increases and everything
else being equal would result in a thicker coating as shown in Table 5.2.

The more brittle and thicker coatings have less ability to absorb the induced stresses by
plastic deformation and would undergo extensive cracking [134]. The critical C/N ratio
for this effect to occur appears to be about 0.5/1. It should also be noted that the
capacity of the coating for plastic deformation and transition to a brittle failure mode
may have been reduced because of increased roughness of the coatings. As the surface
roughness increases the coefficient of friction increases too [135] and there is a
transition away from plasticity dominated behaviour to a brittle behaviour. Therefore,
the brittle behaviour of TiC and high carbon content TiCN may have been exacerbated
by roughness.

6.3.4. Tribological Behaviour of Coatings

Friction and wear of two contacting bodies is a complicated phenomenon, and many
theories have been developed to explain the friction behaviour of various contacting
pairs. In general, friction is believed to result from three components: adhesion,
ploughing and asperity deformation [136,137]. In the following sections the tribological
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behaviour of TiN, TiCN and TiC in dry sliding contact against a ruby ball slider has
been explained with reference to these mechanisms.

The tribological behaviour of different TiN, TiCN and TiC coatings was studied at low
(ION), intermediate (15N) and high (25N) loads. At low load, low friction coefficient
and wear rate were obtained for all coatings. Under low contact stresses prevailing in
these tests, the contact between the slider and coating surface remained essentially
elastic and extremely low friction/wear regime was established. The wear track profile
and micrograph of the tested surfaces also showed a very shallow and smooth wear
track on the coating surface (Figure 5.40-a). These results are very similar to those
reported by Komvopoulos et.a1. [138], who examined the dry sliding wear of TiN
coating and concluded that deformation at the sliding contacts is primarily elastic under
low contact stresses and when the layer is not ruptured [138].

At intermediate load, the wear track of TiN coating displayed evidence of breakthrough into the substrate and the friction trace indicated higher value of friction with
large fluctuations. The higher friction coefficient is due to the contact between the slider
and the metallic substrate which was ploughed and plastically deformed. The large
fluctuation arose because ruby ball slider was not only sliding on the coating surface,
but also contacting with the substrate materiaL

As the carbon content increased, the hardness of TiCN and TiC increased relative to
TiN and less coating break-through took place, judging by the wear profiles (see Figure
5.41-b for example) resulting in a lower friction force and wear compared to TiN
coating.
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At the highest load, three different types of wear modes were identified, depending on
the coating composition. Mode I occurred on the TiN coating and lower carbon content
«0.3: 1) TiCN coatings displaying a high coefficient of friction and wear. In the initial
stage of wear testing, a burnishing wear process established a smooth wear track surface
by ploughing away the surface asperities or roughness. The coefficient of friction was
increased to a marked high peak (Figure 5.37). As the wear proceeded further, the wear
tracks became smoother and the coefficient of friction decreased to a steady level. At
this stage, the wear track was concealed with the tiny brown spots which were trapped
along the wear grooves. The extent of brown spots gradually increased as the sliding
was continuing, forming a stable dark brown oxide film over the wear track (Figure
5.44-b). This indicated that continuous formations and rupture of the oxide film was the
main wear mechanism reSUlting in establishment of a high friction and wear regime
[139].

Mode II occurred on the higher carbon content TiCN coatings, such as TiCN(0.5: 1) and
TiCN(0.8: 1) coating, producing a lower coefficient of friction and wear regime than
those operating under mode 1. The oxide colour was mainly light blue (mild wear)
along both sides of the wear track rims (Figure 5.44-c). The bluish colour is indicative
of the fact that the oxide film was thin. This thin, protective oxide layer was supported
by the TiCN coating. Therefore, even at the higher load the oxide layer was not
ruptured and a low friction and wear regime was maintained throughout the test.

Mode III occurred on high carbon content TiCN coatings, such as TiCN(l:l) and TiC
coating. At the beginning of the sliding process, the asperities of the coating were
ploughed by the slider, resulting in the observed friction peaks (Figure 5.37).
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Accordingly, ploughing played the most important role in determining the initial
friction coefficient of the contact pairs. According to the ploughing theory of sliding
friction, the friction coefficient increases with decreasing spatial angle of the ploughing
asperities [140]. This explains the fact that the TiC coating exhibited a higher initial
friction coefficient than the TiCN coatings did, because the TiC coating surface is
rougher than the other coatings (Figure 5.26).

As a result of the ploughing action, the coating asperities were removed and adhered to
some preferential sites on the sliding track. The coating asperities on high carbon
content TiCN coatings were mainly amorphous carbon particles, as discussed in section
6.3.1. Repeated sliding resulted in accumulation of these fragments which might have
been smeared over the contact area between the coating and the slider. Amorphous
carbon is a kind of solid lubricant which reduced direct contact between the coating
surface and the slider, to such an extent that the ploughing action of asperities and the
degree of material transfer were reduced, leading to a much lower friction coefficient.
Optical microscopy examination of the wear tracks (Figure 5.44-c) confirmed that the
asperities on the TiCN surface had been worn resulting in a smoother track.

To summarise the tribological behaviour of coatings, it has been found that the steady
state friction behaviour of the TiN and low carbon content TiCN is characterised by the
friction between the slider and an oxide layer. No protective oxide layer was observed
on the high carbon content coatings. And instead, the friction behaviour was determined
by the contact between the slider a transferred carbonaceous layer acting as a solid
lubricant film.
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6.4. Duplex Surface Treatment

6.4.1. Surface Morphology and Roughness

The clad layers generally displayed three different kinds of porosity as shown in Figure
5.45(a). Pores denoted as '1', were found within the

we and are believed to have

formed during the particle manufacture. The spherical morphology of pores '2' suggests
they are gas porosity reminiscent of the formation of carbon dioxide gas in the binder
phase as discussed in section 6.2.1, for the case of pre-placed powder.

As mentioned before, a small amount (l % wt) of aluminium powder was added to the
mixture of WClNi powders to reduce the extent of gas porosity. Al has a much higher
affinity for oxygen (the heat of formation of Ah03 at 15000K is -1196.58 kllmo!
compared with -369.26 kJ/mol for CO2 ) than carbon [141]. During laser cladding, the
oxygen would react more readily with aluminium so as to prevent the formation of CO2
gas resulting in the reduction of gas porosity. No attempt was made in this work to
optimise the concentration of Al to completely eliminate all gas porosity but it is quite
feasible to achieve this aim through a systematic investigation. Also, there is scope for
optimisation of the shield gas to minimise the level of oxygen present in the laser
melted region.

Pores designated as '3' are thought to be remnants of fractured and plucked out WC
particles, judging by their irregular morphology. The dislodgement and fragmentation
of WC particles most probably occurred during grinding and polishing stages of
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specimen preparation and there may be some scope in reducing these artefacts with a
more gentler grinding and polishing procedures using diamond lapping wheels.

Surface roughness results indicated that duplex coatings are generally smoother than the
polished WClNi clad layer. This improvement is likely to be due to complete coverage
of WC particles in the matrix with the PVD coating. The deterioration of surface
roughness from TiN to TiC is most probably due to the formation of amorphous carbon
particles, as discussed in section 6.3.1.

6.4.2. Adhesion Characteristics

The adhesion characteristics of the duplex coatings were evaluated by examining the
failure of the top PVD coating during scratch adhesion tests. More specifically, the
lower critical load (LCL) , defined as the force required to initiate the cracking and
upper critical load (UCL), i.e. force needed for ex-foliation of the PVD coating from the
underlying the clad layer [142] were measured for all duplex coatings. Generally
speaking, the critical loads (both LCL and UCL) showed a similar trend to the PVD
coatings deposited on stainless steel substrate, i.e. the critical loads decreased as the
carbon content in the coating increased.

Perhaps more importantly, it was observed that the LCL for the duplex coatings was
much higher than the PVD coatings deposited on stainless steel substrate, especially for
the TiN coating. The reason for this significant improvement can be explained by
considering the stress state and deformation in the substrate-coating. The extent of the
coating-substrate assembly deformation caused by the advancing indenter is mainly
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dictated by the substrate deformation. Once the substrate is plastically deformed by the
indenter under the load, the compressive stress in the coating surface is converted into
tensile stress. Consequently, the coating experiences tensile transverse cracking in the
scratch track. When the substrate hardness is increased, a higher load is required to
induce similar degree of plastic deformation. Assuming the adhesion is the same, then
the critical load is increased with substrate hardness.

The validity of the above-mentioned explanation for improved adhesion of duplex
coatings can be further verified by considering the models proposed by Steinmann el.,
[143] for the failure modes of hard coatings on soft and hard substrates. Steinmann el.
at., [143] used finite element analysis to gain an insight into the nature of the
deformation and stress distribution near the coating-substrate interface. Their results are
summarised below:

When the substrate is hard, one observes the followings:

(1) Underneath the indenter: compressive stresses in the coating and in the
substrate.
(2) Around the indentation: strong tensile stresses at the coating surface,
decreasing progressively from the surface and compressive stresses in the
substrate.

When the substrate is soft, one observes the following:

(1) Underneath the indenter: tensile stresses at the interface on the coating side,

and compressive stresses in the substrate.
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(2) Around the indentation: strong tensile stresses at the coating surface,
decreasing progressively from the surface and compressive stresses in the
substrate

From the above, the maximum stress site for PVD coating on stainless steel is expected
to be located at the interface with the substrate underneath the indenter and on the
coating surface around the indentation. For duplex coatings, the maximum stresses are
expected at the coating surface near the indentation. Therefore, it can be concluded that
the critical load corresponding to the critical stress at the interface depends on the
substrate hardness. This is exactly what was observed in this work, thus confrrming the
theoretical predictions by Steinmann el. at., [143].

Finally, it should be mentioned that the VeL values for duplex coatings were the same
as the PVD coatings deposited on stainless steel substrate. This can be explained by the
fact that in the vicinity of the VeL the coatings demonstrated total removal (adhesive
failure for soft substrate) or partial removal (cohesive failure for hard substrate), as well
as significant flaking or chipping outside the scratch track in all samples. The high level
of energy release, hence, acoustic emission from all these failures rendered the
diffrentiation between the VeL's rather impossible. Similar observations have been
made by Makoto and Steinmann [144].

6.4.3. Trihological Properties

Experimental results revealed significant improvements in tribological properties
(friction and wear) and, particularly, load bearing capacity of duplex coatings compared
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to the same PVD coatings deposited on stainless steel substrate. Additionally, the
improvements were more marked for higher applied load (40N) than for the smaller
load of 25 N (see Figures 5AO-c, 5.52-b for comparison), conftrming the role of clad
layer as a strong base for depositing PVD coatings.

The tribological improvements achieved by pre-coating laser clad WClNi layer could
be attributed to better mechanical support of the coating. If the substrate is not hard
enough to carry the load, plastic deformation will take place in the substrate under the
applied contact stress. The large plastic strains involved in this deformation cannot be
accommodated within the hard coating and results in crack initiation and propagation
both within the contact area and outside in the piled-up area [145] resulting in eventual
spallation of the coating from the substrate. The harder the substrate, the higher the load
that the coating can withstand without failure by fracture, because of increased
resistance to plastic deformation [146].

The indelible evidence for the role of clad layer in reducing the likelihood of plastic
deformation in the substrate comes from the lack of "pile-up" around the periphery of
the wear track. Without the clad layer, a large piled-up material appearing as a hump
was always evident at the edges of wear track (Figures 5.40-42). For duplex coatings no
piled-up material was observed even at the highest applied load employed (Figure
5.53).

Sun et. al.,[147] have carried out a rigorous elastic-plastic FEM analysis to study the
initiation and development of the plastic zone in various TiN coating-substrate systems,
including TiN-AI, TiN-Ti and TiN-HSS (high speed steel). The results show that both

185

the coating thickness and substrate strength have a significant influence on the plastic
deformation behaviour and the load bearing capacity of the coating systems. In most
coating-substrate systems, plastic deformation is initiated fIrst in the substrate at the
coating/substrate interface and plastic deformation does not initiate in the TiN coating
until a large plastic zone has been developed in the substrate. Increasing the coating
thickness and substrate strength increases the resistance of the composite to plastic
deformation. Similar type of "case crushing" has been also explained by Holmberg
[148], as shown schematically in Figure 6.3.

-..
Adhesive and Fatigue wear

Coating Fracture

Figure 6.3. The macro mechanical wear mechanisms in a contact with hard coating on
soft substrate [148].

Based on all previous works using elastic-plastic contact mechanics model and the
experimental results obtained in this work, it appears that plastic deformation of the
substrate is a deciding factor in determining the failure mode of a coating/substrate
system and is a major concern in the design and performance of engineering
components [149]. Indeed, failure of a hard coating-soft substrate system under many
tribological situations is seldom caused by conventional wear but by debonding of the
coating from the substrate (adhesive failure), or fracture of the coating (cohesive
failure), through sub-surfaces deformation [150]. Accordingly, it is imperative to
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reinforce the substrate to delay the onset of plastic deformation, thus, enhancing the
load bearing capacity of the surface.

The substrate strengthening is most conveniently achieved by a duplex treatment
whereby the substrate surface is fIrst hardened by an appropriate surface technology
prior to deposition of hard PVD coatings. In the past, most researchers have resorted to
plasma nitriding of the substrate. However, this work has shown that similar results can
be obtained by laser cladding of the substrate by WClNi composite. A distinct
advantage of the latter approach is the excellent improvement in the abrasive wear
resistance afforded by the clad layer.

Plasma nitrided layers, though excellent for

resisting adhesive wear resistance, are rather ineffective for aggressive abrasive wear
situations. Duplex coatings of hard thin PVD layers such as TiN, TiCN and TiC on
WClNi clad layer provides, for the fIrst time, a surface engineered solution to combat
both adhesive as well as abrasive wear applications.
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CHAPTER 7

CONCLUSIONS,
PRACTICAL IMPLICATIONS
AND
RECOMMENDATIONS

Based on experimental results obtained in this work, the following conclusions,
practical implications and recommendations for the laser cladding of WClNi
composites, PVD coating of titanium nitrides and/or carbides and duplex coatings
involving laser cladding followed by PVD coating can be offered:

7.1. Laser Cladding

Although it is possible to obtain laser clad layers using pre-placed WClNi powders, the
best results,

in terms of roughness,

thickness

uniformity,

porosity,

cracks,

microstructure, dilution, hardness and wear resistance can be achieved using injected
powders. The optimum laser processing parameters (pulse energy and duration, overlap,
traverse speed, etc.), powder mixture (composition and type) and substrate preparation
(i.e. pre-heated or not) for obtaining pore and crack-free, dense and metallurgically
bonded WClNi composite clad layers using the injected powder route, as determined in
this work, are listed below:

7.1.1. Laser Parameters

The optimum laser parameters for obtaining superior microstructure and properties for
injected powder are summarised in the table below.

Laser Parameter

Optimum Value

Laser Parameter

Optimum Value

Pulse Energy

20J

X Increment

O.3mm

Pulse Duration

8 ms

Y Overlap

0.3mm

Pulse Frequency

22Hz

Optical Head

4 heads

Traverse Speed

15 mmls

Powder Mass

Focal Position

-6mm

Flow Rate

4.2 g/min
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Increasing total power input, for instance by increasing pulse energy, greatly increases
the dilution. On the other hand, lower heat input would result in incomplete melting
and unacceptable levels of porosity.

7.1.2. Powder Composition and Type

The composition of the powder and its manufacturing route has a major influence on
the microstructure and properties of laser clad WClNi layers.

High levels of gas

porosity will be obtained in layers containing less than 70 wt% WC in the starting
powder. The origin of gas porosity can be traced back to the residual carbon in the Ni
powder which is converted to CO2 gas during laser melting. Addition of 1% Al to the
mixture proves extremely useful in reducing the gas porosity. Further work in this
regard is highly recommended to reduce the gas porosity even further by optimising the
concentration of Al or improved shield gas.

For the same composition of starting powders, the volume fraction of WC particles
remaining in the clad layer (i.e. undissolved particles) is significantly higher for the
crushed powder than the spherical one. The manufacturing route for spherical powder
(eutectic melting of tungsten and carbon to form melt carbide), inevitably results in the
formation of chemically unstable sub-carbides which are readily dissolved in the Ni
binder phase and form brittle intermetallic eta phase with detrimental impact on
microstructure and properties.

Carburisation of elemental tungsten powder used for producing crushed powder, on the
other hand, does not involve melting and no intermediary eutectic sub-carbides are
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formed. The crushed powder essentially consists of pure mono-carbide (We) which
has high resistance to dissolution by the nickel binder phase, resulting in large volume
fractions of un-dissolved we particles in the structure.

7.1.3. Abrasive Wear Resistance of Clad Layers

The surface hardness of the clad layers is generally higher than that of the heat-treated
H13 substrate (cf. 600 and 480 HVo.s). The clad layers produced with crushed

we

powder exhibited more consistent and slightly higher hardnesses compared with those
obtained with spherical powder.

All the clad layers exhibited significantly lower wear rate (almost by a factor of 4 to 5)
than heat-treated H 13 tool steel. Generally speaking, the abrasive wear rate of clad
layers formed by crushed powder was lower than those obtained with spherical powder
(up to 50%). Moreover, the abrasive wear resistance was found to be related to the
volume fraction of we in the clad layers and conditions conducive to larger volume
fractions (i.e. 2 elements head and no substrate preheat) resulted in a slightly higher
wear resistance.

The uniformity, homogeneity, lack of brittle constituents and interlocked network of

we particles in the laser cladding obtained with injected crushed we particles are
conducive to high hardness and excellent wear resistance. It is, therefore, recommended
that this powder should be used in laser cladding in preference to the spherical one, for
tribological applications. It is further recommended that future work should consider
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further improvement in tribological properties by examining the influence of the size of
particles.

7.2. PVD Coatings

7.2.1. Microstructure and Stoichiometry

Filtered arc deposition provides an excellent means of depositing adherent titanium
carbide and/or nitride coatings, with a dense and columnar microstructure exhibiting a
strong (111) texture. By controlling the partial pressure ratio of nitrogen and methane
gases during reactive evaporation it is possible to obtain carbo-nitride layers with any
desired nitrogen to carbon ratio in the coating. However, the highly energetic nature of
ions could lead to excessive dissociation of methane as manifested by deposition of
amorphous carbon (soot) on the samples. Although the deposition of amorphous carbon
reduces the friction it has a deleterious impact on the surface roughness. For
applications requiring minimum damage to surface roughness the total pressure must be
reduced to decrease soot formation.

7.2.2. Tribological Behaviour

Increasing the ratio of carbon to nitrogen in the titanium carbo-nitride coatings
significantly increases the hardness, but has a detrimental impact on adhesion, as
determined by a scratch adhesion tester. Generally speaking, there are two types of
failure modes for different titanium carbon-nitride layers. For TiN and lower carbon
content TiCN coatings an adhesive failure mode is observed whereas a cohesive failure
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mode determines the adhesion for the higher carbon content carbo-nitrides and TiC
coatings.

All the PVD coatings displayed a very low coefficient of friction at low load and the
elastic deformation was the dominant mode of wear. At the higher load, deformation of
the substrate was found to be the most important parameter controlling the overall
tribological performance of the coating. The critical load for substrate deformation was
lower for TiN than TiCN and TiC. This has been attributed to the lower hardness of
TiN and thinness of the layer. It is, therefore, recommended that further work will be
carried out in order to assess the exact dependence of the layer thickness on the
adhesion and tribological behaviour ofPVD coatings.

7.3. Duplex Coatings

Surface roughness of the duplex coating was much higher than those obtained on
stainless steel. The origin of this problem has been identified as residual porosity and
coarseness of WC particles. It is, therefore, recommended that an optimisation program
should be carried out with the aim of reducing porosity (optimisation of Al powder and
shroud gas) and WC particle size.

Duplex coatings of a PVD layer on a pre-clad substrate proved extremely successful in
improving the tribological performance of the composite layer. More specifically, all
the coatings withstood the applied load and no sign of breakthrough (substrate
crushing) was observed on any duplex layers even at the highest applied load of 40 N.
This clearly indicates the effectiveness of the clad layer in increasing the load bearing
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ability of thin PVD coatings by providing a strong substrate, thus, eliminating the
possibility of any subsurface deformation or case crushing. It is, therefore,
recommended that duplex PVD coatings on pre-clad layers should be seriously pursued
as a viable surface engineering solution for applications requiring high adhesive and
abrasive wear resistance in conjunction with high load bearing capacity.
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APPENDICES

Appendix A. Calculations of Pulse Energy, Frequency and
Velocity
1. Calculation of Pulse Energy

Pulse energy and pulse duration were selected to give constant peak power. The pulse
energy was calculated from the following equation.

Pulse energy = Peak: power x Pulse duration,

[J=kWx ms]

The peak power was set to 2 KW and the average power to 300 W. The pulse durations
for pulse energies of 6, 10, 20 and 30 J are calculated as follows:

Peak power = Pulse Energy / Pulse Duration

Peak power (KW)

2

2

2

2

Pulse Energy (J)

6

10

20

30

Pulse Duration (ms)

3

5

10

15

2. Calculation of Pulse Frequency

The second laser parameter that had to be calculated was the repetition rate, i. e.
frequency. It was calculated according to the following equation:

Average power =Pulse energy x Frequency
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The average power was set to 300 W. Therefore, the frequency was calculated as listed
below.

Average power (W)

300

300

300

300

Pulse Energy (J)

6

10

20

30

Frequency (HZ)

50

30

15

10

Calculation of Velocities

The velocities were calculated from the repetition rate and the increment. Two different
increments were chosen. The repetition rate was calculated as:

Velocity of workpiece

=Increment / Repetition rate,

[mmxs- l = rnmIs]

The increments were set to 0.1 mm and 0.2 mm. The velocities are listed below:

Frequency (HZ)

50

30

15

10

Increment (mm)

0.1

0.2

0.1

0.2

0.1

0.2

0.1

0.2

Velocity (mm/min)

300

600

180

360

90

180

60

120
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Appendix B. UMIS·2000
Measurement of hardness has long been recognised as a simple and reliable means of
determining the yield behaviour of metallic materials. There is a limitation for
conventional hardness and microhardness systems in measuring the mechanical
properties of thin films and surface modified materials due to the difficulty of
separating the contributions to the properties observed from the near surface region
from those of the bulk. In many cases indentation hardness measurement is the only
method

available to

assess near surface properties without disturbing the

surface/substrate interface. However, the difficulty of measuring the resistance to
penetration of the outer micron thick layer of material makes it necessary to use very
low loads, producing indentations too small for optical measurement of the resulting
indentation. An ultra micro indentation system - UMIS 2000 (Figure B.l), developed by
CSIRO Telecommunication and Industrial Physics, meets the demands of measuring
the mechanical response of very small volumes of thin films.

Figure B.I. Ultra Micro Indentation System-UMIS 2000.
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In the standard instrument, depth and load are measured independently with a resolution
of 1 nm and 0.01 mN respectively. The maximum loads may be varied depending upon
requirements, with the current upper limit being 1 N , while a more sensitive version of
the instrument has a maximum load range of only 50 roN and may be operated to forces
as low as 100 I1N. For pyramidal indenters, the initial contact of a nominally pointed
indenter is elastic because the tip radius of the indenter is always finite. After exceeding
a critical load depending on the tip bluntness, plastic deformation envelops the tip. The
relationship between load and depth of penetration is then determined by a combination
of the elastic plus plastic behaviour of the indented material.

In this system, the

indenter displacement is continuously measured during loading and unloading. A
schematic load displacement record for the UMIS system, with a Berkovich (face
angles of 65.3°) diamond pyramid indenting a material is shown in Figure B.2.

Total penetration ht

h

Penetration
Figure B.2. A Schematic load-unload response curve for a material when indented with
a Berkovich indenter.
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If one assumes that the hardness is constant with depth of penetration then the expected
relationship between depth and indentation load is given by:

H=F/A

where A= area of contact

A=Khp2

where k= (24.5) is a constant determined by the geometry of the triangular pyramidal
Berkovich indenter, and hp is the effective plastic depth of penetration. A simple means
of estimating the extent of permanent deformation is shown in Figure B.3, as the
regression line through the unloading curve over the upper one third of the data. From
the value of hp' maximum load and knowledge of the indenter geometry the hardness
may be calculated.

The elastic properties of the indented material may be obtained from the unloading
curve, provided the area of contact and the elastic modulus of the indenter are known.
The unloading slope is given by:

dP/dh=aE*vA

where a is a constant and for a triangular pyramid indenter is equal to 1.167, E* is the
effective modulus of the system, namely

11E*= (I-vI2) lEI +(1-v22 ) 1E2
206

where EI and vI are Young's modulus and Poisson's ratio of the indenter and E2 and v2
likewise for the indented half space. This approach works very well for the
determination of the hardness and modulus of metallic materials with low values of
HIE. The very significant elastic recovery that occurs during unloading at higher ratios
of HIE leads to complications in the determination of plastic penetration depth and
therefore the calculation of hardness as well as the estimation of the elastic modulus.
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